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ABSTRACT
This thesis i s  prim arily concerned with the rea liza ­
tion  and study o f a re la tiv e ly  new cla ss  o f continuous time 
analog active  networks, henceforth, referred  to  as 'Active-C ' 
networics. These have been found to encompass good performance, 
including re lia b le  high frequency performance, as well as, 
com patib ility  to  IC fa b rica tion  in  the contemporary MOS tech­
nology. The active-C  c ir c u it s , th erefore , present good 
prospects o f hybrid m onolithic rea liza tion  o f  analog and 
d ig ita l  subsystems on the same semiconductor ch ip . The active-C 
networks have been c la s s i f ie d  as : ( i )  OA-C networks, and 
( i i )  OTA-C networks. The c ir c u its  rea lized  in the th esis have 
been studied from both the perfom ance, a s -w e ll-a s , fa b rica ­
tion  p o in t-o f-v iew s.
The OA-C c la ss  o f networks b a s ica lly  employ the internal 
dynamics o f  operational am plifier (OA) in  the design, along with, 
cap acitor ra tio s . This leads to the rea liza tion  o f  a wide 
variety  o f  network functions o f high performance. S ign ifican t 
improvement i s  obtained in th e ir  operation at higher frequen­
c ie s  and the c ir c u it  rea liza tion s  a lso  become su itab le  fo r  MOS 
implementation. Various id e a l, non-ideal, conventional and 
unconventional grounded iminittance functions are rea lized  in 
the OA-C form and th e ir  performance studies are made. Tech­
niques are given fo r  the rea liza tion  o f  flo a tin g  immittance 
simulators from the grounded ones. The basic idea is  to
( i v )
subsequently employ the sim ulators in  the rea liza tion  o f 
MOS-compatible f i l t e r s  and o s c il la to r s .
Three d ire ct  form synthesis techniques have been 
described and c r i t i c a l l y  studied fo r  the rea liza tion  of 
second and h igher-order network functions in  the OA-C form, 
b a s ica lly  using the OA-C sim ulators. Suitable methods are 
suggested fo r  the optim ization o f the component count. MOS- 
integrable OA-C o s c il la to r s  are a lso  considered. Three 
d ire c t  form approaches are described fo r  the rea liza tion  o f 
these o s c il la to r s , using the immittance sim ulators. The 
analog computer approach i s  a lso  used fo r  the rea liza tion  o f  
o s c i l la to r s , with superior performance. In addition , some 
o s c il la to r s  are rea lized  d ire c t ly  from th e ir  tran sfer functions.
The cascade approach to OA-C synthesis is  next con si­
dered. The basic build ing b locks, v i z . ,  f i r s t  and second- 
order OA-C f i l t e r  section s , are rea lized  and studied. The 
second-order f i l t e r s  exlriibit m ultifunctional c a p a b ilit ie s . 
General biquadratic f i l t e r s  fo r  rea liz in g  a l l  the important 
second-order f i l t e r  responses are a lso  included. The p ra ctica l 
aspects o f OA-C cascade form synthesis, in  rea liz in g  higher- 
order networks, are c r i t i c a l ly  studied. The non-idealness o f 
components and minimization o f th e ir  e ffe c ts  in  f i l t e r  design 
are examined. A ll the OA-C c ir c i i i t s ,  in  general, exh ibit low 
s e n s it iv it ie s , re lia b le  high frequency performance, wide
(v)
range o f parameter rea liza tion , good tu n a b ility  o f  parameters, 
including the operation as voltage variable  c ir c u it s ,  and 
com patability to  MOS m icrom iniaturization.
The OTA-C c la ss  o f  networks, b a s ica lly , use a re la tiv e ly  
new active  device , the m onolithic operational transconductance 
am plifier (OTA), along with ca p a c ito rs /ca p a c ito r -ra ti os, in  
th e ir  rea liza tion . The inherent ch a ra cter ist ics  o f  a monoli­
th ic OTA has a number o f  a ttra ctiv e  features, such as, lin ea r  
wide range tu n ab ility  o f i t s  gain (gjjj) with bias current/ 
voltage con tro l, high functional v e r s a t i l i t y , dual operation 
as DVCCS, as-w ell_as, DVCVS and wide bandwidth. These proper­
t ie s  a lso  r e f le c t  in  the OTA-based rea liza tion  o f f i l t e r s  and 
o s c il la to r s  considered in  th is  th es is .
The rea liza tion  and study o f  m ultifunctional, wide- 
range, e le c tro n ica lly  tunable OTA-C f i l t e r s  are considered.
The basic bu ild ing b locks, v i z . ,  programmable in tegra tor (PI) 
f ir s t -o r d e r  section s , and C -m ultip lier, are rea lized  and 
studied. These are subsequently used in  the rea liza tion  o f 
m ultifunctional OTA-C f i l t e r s .  The studies exh ib it the 
f i l t e r s  to  have wide range e lectron ic  tu n a b ility , low sensi­
t iv i t y ,  r e lia b le  high frequency performance, simple c ir c u it  
rea liza tion  with m ultifunctional responses and s u ita b ility  to
%convenient implementation in  the MOS technology.
The rea liza tion  and study o f OTA-C based waveform
( v i )
generators are a lso  included. S ix  c ir c u its  o f  OTA-C sinu­
soida l o s c il la to r s  are rea lized  and studied. Two additional 
c ir c u its  are a lso  derived using the analog computer method. 
These o s c il la to r s  provide quadrature responses and exhibit 
superior performance. An OTA-C function  generator is  rea lized , 
which can simultaneously give good quality sin e , square, and 
triangular waveforms, along with, amplitude con tro l. A ll the 
OTA-C waveform generators in  general, are found to  exh ibit 
good performance, r e lia b le  high frequency operation and su ita ­
b i l i t y  to  MOS fa b rica tion . The non-idealness o f  components 
and minimization o f  th e ir  e ffe c ts  on the performance o f OTA-C 
f i l t e r s  and o s c il la to r s  are a lso  examined.
Throughout the th es is , the th eore tica l investigations 
are appropriately supplemented with e3q>erimental resu lts . In 
general, i t  has been found that both the c la sses  o f  Active-C 
networks exh ib it high performance, re lia b le  high frequency 
operation and s u ita b ility  to  MOS implementation. The OTA-C 
c ir c u it s , in  addition , exh ib it wide range lin ea r  tu n ability  
o f i t s  c ir c u it  parameters. This makes them a more poten tia l 
c la ss  o f  c ir c u its  fo r  the rea liza tion  o f hybrid monolithic 
systems.
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C H A P T E R  1 
I N T R O D U C T I O N
1.1 M otivation
In the la s t  three decades, integrated  c ir c u it  (IC) 
technology has made a tremendous impact on the design o f 
e le ctro n ic  c ir c u it s  and systems* The advantages o f  th is 
technology, mainly in  terms o f  high performance and r e lia b i­
l i t y ,  within low co s t , weight and s iz e , have attracted  an 
ever increasing fa b rica tion  o f  e le ctron ic  c ir c u its  in  the 
microminiaturized form. The area o f  analog c ir c u it  design 
has a lso  greatly  been influenced by the technology. These
years have witnessed the growth o f  a ctive  f i l t e r s  from the
1—82active-RC form to  the present m onolithic form “  .
In early seventies, active-RC networks were dominating 
1-4 0the scene. In the integrated form, they were being fabricated  
in  the hybrid IC technology by using m onolithic operational 
am plifier (Oa ) ,  as a ctive  dev ice , and p recise  RC components, 
fabrica ted  in  thick or thin film  technology^®’ These 
f i l t e r s  were obviously not tru ely  m onolithic. Two major prob­
lems fo r  the m onolithic in tegration  were the need o f  large 
valued cap acitors, requiring u n rea lis tic  la rge  S i-ch ip  areas, 
and the fa b rica tion  o f  p recise  r e s is to r  and cap acitor values 
fo r  se ttin g  the f i l t e r  parameters. These requirements were 
not compatible with the m onolithic IC processing.
The evolution  o f  active-R  networks paved a way to the
41-55m onolithic implementation o f  analog active  networks .
Such networks derive th e ir  frequency response from the 
internal a m p lifier ’ s dynamics, but use no capacitors in 
th e ir  implimentation. The active-R  c ir c u it s ,  th erefore , 
only require operational a m p lifier , as a ctive  device, along 
with ra tioed -res ista n ces . The OAs and R -ratios ( in  high 
p recis ion  and s ta b i l it y )  can conveniently be fabricated  in 
the b ip o la r  m onolithic technology ’ . As the non-ideal
model o f  an OA i s  used in  the design, by treating the am plifier 
as an in tegra tor, the active-R  networks are prim arily aimed 
fo r  high frequency a p p lica tion s , although th e ir  low frequency 
implementations are a lso  possible^^ '^^ .
With the growing s iz e , com plexities and exacting demand"^ 
o f  modern signal processing systems, i t  has a lso  now become 
desirab le  to  fa b rica te  mixed or hybrid e le ctron ic  systems, 
having the d ig ita l ,  a s -w e ll-a s , the analog subsystems on the 
same S i-ch ip . The general trend i s  to  have a d ig ita l  proce­
ssing system, with the in ter fa ces  rea lized  through the 
analog subsystem. The in terfa cin g  analog c ir c u it s  actually  
connect the real world o f analog continuous time signals with 
the d ig ita l world o f  sampled and d ig it a l ly  encoded signals.
The analog c ir c u its  must perform s p e c if ic  fu n ctions, such as, 
am plifica tion , f i l t e r in g ,  data conversion , waveform generation, 
e tc . The d e s ir a b ility  o f a c lo se  re la tion sh ip  between analog 
and d ig ita l  c ir c u it s  provides a strong m otivation towards the
use o f LSI/VLSI technologies fo r  fa b rica tin g  the composite 
system on a s in g le  ch ip . I t  i s  now w ell sta b ilish ed  that 
MOS technology is  dominating the fa b r ica tio n  o f  LSI/VLSI 
d ig ita l  c ir c u it s . This makes the analog c ir c u i t  design, 
based on MOS technology, a top ic  o f  contemporary importance.
In th is  th es is , continuous time, high frequency, monolithic 
a ctive  networks w il l  be rea lized  and studied in  d e ta il.
The recent developments in the MOS technology have 
shown that C -ratios can be implemented in  much higher 
p recis ion  and with lower d r i f t s  than the R -ra tios , realized  
in  b ip o la r  technology^®'^^. Tolerances o f  ratioed  capacitors 
in 0 .1  percent or le s s , with v ir tu a lly  unmeasurable voltage 
and temperature d r i f t  are now obtainable. A lso, the C -ratios 
can be implemented on a much sm aller s i l i c o n  area. The use 
o f  low—valued capacitors in  the re a liza tio n  o f  ra tios  not 
only further helps in  the minimization o f  chip area, but 
a lso  helps in  providing the required high impedance le v e l to  
the c ir c u i t .  The MOS am plifiers  are a lso  ava ilab le  and 
require only 1 /2  to 1 /3  die area, as compared to  the b ipolar 
OAs^^” ®^. This provides a further impetus to  the rea liza tion  
o f a ctive  c ir c u its  in  a form su ita b le  fo r  MOS implementation.
Switched cap a citor  networks (SCNs) are sampled data 
networks and are rea lized  by using OAs, C -ra tios , and e le ctro ­
nic switches. The charge tran sfer  on rapidly switched capaci­
tors  can fu n ction a lly  simulate a r e s is to r . Thus, both, the
RC-products and R -ra tios , which se t the c ir c u it  parameters
in  an active  network^ can be rea lized  through ra tio s  o f 
5 /4_69capacitors . This makes the SCNs very a ttra ctiv e  and 
p ra c tica l to  implement in the m onolithic MOS technology. The 
SCNs provide exce llen t resu lts , along with, a l l  the advan­
tages o f  MOS technology at lower frequencies. However, th e ir  
performance features do not appear to  be transferable  to  high 
frequencies, due to  the sampled data operation. A liasing»
errors , noise and e f fe c t  o f  frequency dependent gain o f prac­
t i c a l  OAs, generally , lim its  the frequency range o f  operation
o f  SCNs to  the audio range, as i s  the case with conventional
71 75active-RC networks ’ .
In th is  th esis , a r e la t iv e ly  new c la ss  o f  continuous 
time analog active  networks henceforth, referred  to  as the
3
Active-C Networits, are rea lized  and studied. These have been 
found to encompass the com p atib ility  to  implementation in  the 
MOS form, sim ilar to  that o f  SCNs, and in  addition  provide 
exce llen t performance even at extended frequency ranges, l ik e  
the active-R  networks.
The active-C  networks have been c la s s i f ie d  as ;
i )  OA-C networks, 
i i )  OTA-C networks.
The OA-C cla ss  o f  networks are sim ilar to the active-R  cla ss  
o f  networks^ with the d iffe re n ce  that here C -ratios  are
employed instead o f  R -ra tios . The requirements o f  only
OAs and C -ratios makes these c ir c u it s  highly su itab le  fo r
70-73m onolithic MOS implementation . The use o f non-ideal 
model o f  am plifier in  the design leads to  s ig n ifica n t  impro­
vements in  the high frequency performance o f  these c ir c u its .
The OTA-C c la ss  o f  networks employ a r e la t iv e ly  new 
m onolithic a ctive  device, ca lle d  the Operational Transconduc­
tance Am plifier (OTa ), along with ca p a c ito rs /ca p a c ito r -ra ti os. 
An OTA is  b a s ica lly  a d if fe r e n t ia l  voltage con tro lled  current 
source (DVCCS) and i s  characterized  by w ide- range lin ea r  
tu n a b ility  o f  i t s  transconductance gain (gjjj) with b ia s -con tro l 
current ( ig )  or vo ltage  (Vg). I t  may a lso  conveniently be 
made to work as d if fe r e n t ia l  voltage con tro lled  voltage 
source (WCVS) by simply incorporating an additional bu ffer 
stage. The ava ilab le  m onolithic OTAs are characterised by 
la rge  open-loop bandwidths. These features make the OTA-based 
design o f  analog networks sim ple, e le c tro n ica lly  tunable over 
many decades and su itab le  fo r  high frequency app lica tion s.
Both the active-C  networics are MOS-implementable and 
have re lia b le  high frequency performance. The OTA-C c ir c u its  
are, in  addition , conveniently tunable over a wide range o f 
operation.
1 .2  Basic Techniques fo r  Active-C Synthesis
In general, the a ctive  synthesis techniques can broadly 
be c la s s i f ie d  under ;
i )  D irect form synthesis, and 
i i )  Cascade form synthesis.
A large number o f  methods a re ,in  turn, ava ilab le  fo r  the 
d ire c t  form synthesis; some o f  these being ; ( i )  Leapfrog,
( i i )  State variab le  and ( i i i )  GIC methods^^.
In th is th es is , we are only concerned with the two main 
techniques mentioned above. As the active-C  synthesis is  
b a s ica lly  an o ff-sh o o t  o f  the active-RC synthesis, the orig ina l 
techniques used in the active-RC rea liza tion s  are required to  
be properly modified to  su it  the active-C  rea liza tion s . We 
now b r ie f ly  d iscuss such techniques fo r  the active-C  synthesis.
1 .2 .1  D irect 'form synthesis
The two most important techniques employed fo r  the 
d ire c t  fora  rea liza tion s  are :
i )  Simulated inductance (L) approach, and
i i )  Frequency dependent negative resistance (FE»JR) 
approach.
In any d ire ct  form synthesis, the startin g  point is  the RLC- 
prototype network, whose elements are required to  be imple­
mented in  such a manner, so that the fin a l c ir c u it  contains 
only those elements, which are su itab le  fo r  microminiaturi­
za tion . In the case o f  OA-C networks, the fin a l rea liza tion  
should implement the desired network function  using only OAs 
and C -ra tios . There are two well known advantages o f the
d ire c t  form synthesis. F irs t , the implementation o f  doubly-
terminated LC-ladders inherently have very low pass-band
s e n s it iv it ie s ^ ^ ’ ^^. Secondly, the theory and design o f  well
established  passive f i l t e r s  may be used to  advantages in  the
rea liza tion  o f the prototype networ^cs. For th is , e j^ e llen t
ta b les , chart and design mannuals are already availab le  in 
36 37the lite ra tu re  ’ . In th is  th es is , the above mentioned
approaches are su itab ly  m odified to re a liz e  the OA-C class of 
networks.
0 L-based approach
L-based approach i s  the m odified form o f simulated
'Kfs
inductance approach  ^ . Here, the L- and R- elements,
both in  the grounded and flo a tin g  modes, are required to  be 
replaced by appropriate component sim ulators so as to  give an 
a l l  OA-C rea liza tion .
0 Approaches employing network-scaling
Two novel approaches, which employ network-scaling are 
used in  th is th esis  fo r  rea liz in g  OA-C networks. Both the 
methods are b a s ica lly  based on the FDNR-approach to c ir c u it  
design^^. In the f i r s t  approach, v i z . , FDNR-based approach 
to  OA-C s}Tithesis, the admittance o f the prototype network 
(N) i s  scaled by the com plex-variab le ‘ s^  to  give a transformed 
network (N^). The process rea lizes  a new network by converting 
a re s is to r  to a ca p a citor , an inductor to a r e s is to r , and a 
ca p a citor  to  frequency dependent negative resistance (FDNR),
8having an admittance o f the form s D, where D is  the parameter 
o f  the FEWR element^^. Tne f in a l c ir c u it  rea liza tion  is  then 
obtained in the OA-C form by sim ulating, both grounded and 
flo a tin g  res is to rs  and FDNRs through am plifiers and capacitors. 
I t  may be noted that the sca lin g  leaves the or ig in a l transfer 
function  unaltered.
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In the second approach, v i z . , frequency dependent 
negative capacitance ( FDNCaP )-based approach to  OA-C synthesis, 
the admittances o f  the RLC prototype network (N) are scaled by 
a function  s to  give the corresponding CDF-network (N'"''), with­
out a ffe ctin g  the tran sfer function . Here F represents the 
parameter o f the FDNCAP element, whose admittance is  o f  the 
form s-^F. A fter the sca lin g , the synthesis problems b o ils  
down to the rea liza tion  o f  D and F elements in  the OA-C form.
I t  may be noted that in  a l l  the three d ire ct  form OA-C 
approacnes considered in  th is  th e s is , OA-C sim ulation of two 
types o f  c ir c u it  elements are always required. This naturally 
leads to  excessive components in  the fin a l c i r c u i t  rea liza tion . 
In order to  minimize the component count, su itab le  suggestions 
are made in  the th esis . The ap p lica tion  o f a p articu lar  
d ire c t  form technique w ill  la rg e ly  depend upon the configura­
tion  o f the prototype. Therefore, suggestions are a lso  
included as to when to use a p a rticu la r  technique, so as to 
re a liz e  the fin a l network in  a form su itab le  fo r  MOS 
implementati on.
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1 .2 .2  Cascade form synthesis
In the cascade form of a ctive  synthesis, the nth-order 
tra n sfer  function is  rea lized  as a noninteractive cascade o f  ; 
( i )  only second-order section s , fo r  even n, and ( i i )  one f i r s t /  
th ird -ord er section  and remaining second-order section s , in 
case n is  odd. In th is  th esis , both OA-C and OTA-C classes  
o f  networks have been rea lized  through th is  approach. In 
case o f  OA-C networks, the f i r s t  and second-order sections 
are obtained by using the in ternal dynamics o f  OA and C- 
ra t io s . These basic build ing blocks are a lso  rea lized  fo r  
OTA-C c la ss  o f  networks by employing the operational trans­
conductance am plifiers (OTAs) and C -ra tio s /ca p a c ito rs . In 
both the cases, the f in a l rea liza tion s  are in  form, su itab le  
fo r  m onolithic implementation in  MOS technology.
At present, the usefulness o f  any network is  judged 
not only on i t s  performance, but a lso  on i t s  s u ita b il ity  to 
implementation in  contemporary IC tech n olog ies. Among them,
MOS technology is  currently dominating the scene. Some o f 
the other important and desirab le  features required o f  a 
c ir c u it  are : wide range o f  operation, low s e n s it iv ity , wide- 
range tu n ab ility  (p re fera b ly , e le ctro n ic  tu n a b il ity ) , low 
component count, minimiim component spread and high functional 
v e r s a t i l i t y .  Generally, i t  i s  very rare fo r  a c ir c u it  to 
simultaneously s a t is fy  a l l  these features; an engineerirg 
compromise is  therefore required in  most o f the cases. The
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active-C  class o f  networks are studied keeping the above 
mentioned aspects in to  consideration .
1 .3  Components fo r  Active-C Synthesis
The basic in ten t o f  active-C  synthesis i s  to  derive 
nigh performance rea liza tion  schemes fo r  continuous time 
analog f i l t e r s  and o s c i l la to r s , which can conveniently be 
fabrica ted  in  the contemporary MOS technology. In the case 
o f  OA-C c la ss  o f  networks, the c ir c u it  rea liza tion s  are 
interms o f  OAs and ca p a c ito r -ra tio s . Sometimes, n o n -c r it ic a l, 
high-valued re s is to rs  are a lso  required to  provide su itab le  
dc bias and s ta b il ity  to  the c ir c u i t .  With the present s ta te - 
o f-th e -a r t  o f MOS technology, a l l  these components are conve­
nient fo r  m icrom iniatrization.
In xhe OTA-C c la ss  o f  networics, the components required 
are the OTAs and C -ra tio s /ca p a c ito rs . In th is  case a lso , some 
c ir c u its  may require n o n -c r it ic a l , high-valued res is to rs  fo r  
providing the dc path and s t a b i l it y .  The required components 
are once again convenient to fa b r ica te  in the microminiatu­
rized  form in the MOS technology. I t  may be noted that in  
both the classes  o f  active-C  networks, some rea liza tion s  may 
a lso  require CMOS-inverter, used as stammer, and simple MOS- 
SPDT switch. The components fo r  the active-C  synthesis are 
now b r ie f ly  discussed.
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1 ,3 .1  MOS-implementable passive elements
In th is  subsection, the basic fa b r ica tion  schemes and 
ch a ra cte r is t ics  o f  the commonly used passive elements, v iz . , 
capacitors (c a p a c ito r -r a t io s ) , and r e s is to r s , su itab le  fo r  
m icrom iniaturization in  the MOS form are b r ie f ly  examined.
0 MOS-capacitors
In both the c la sses  o f  active-C  synthesis, MOS- 
ca p a citors , p a rticu la rly  in  the ratioed-form , are used as 
the passive elements. Capacitors a lso  con stitu te  as the 
natural passive element o f  MOS technology. The range ty p i­
c a l ly  employed in  the fa b rica tion  o f  analog c ir c u it s  is  from 
0.1 pF to  100 pF. In the active-C  networks, C -ratios b a s ica lly  
govern the c ir c u it  parameters and are th erefore  required to  be 
o f  t ig h t  tolerance, good therm al/voltage s ta b i l it y  and exce­
l le n t  tracking. These features are ea s ily  obtainable in  the 
MOS-capacitors. In the OTA-C networks, i t  w ill  be seen that 
the absolute value o f in tegrating cap acitors  are a lso  involved 
in  some c ir c u it  parameters. As absolute tolerance o f  MOS
eg QQ
ca p acitor i s  generally poor ( ~ 2 0  to  30 percent) ’ , tech -
niques are a lso described in  the th esis  to  obviate the problems 
arising due to i t .  An additional advantage in the use o f  capa- 
c ito r s /C -ra t io s  in  the active-C  synthesis is  that by employing 
low-valued cap acitors, not only the S i-ch ip  area is  optimized, 
but a lso  the desirable  high impedance le v e ls  are provided to  
the c ir c u it .  Within MOS integrated c ir c u i t s ,  capacitors which
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present s u ff ic ie n t ly  low temperature and voltage c o e ff ic ie n ts  
to be useful as p recis ion  passive elements are generally made 
in  one o f  the follow ing ways^® :
i )  M eta l-ox id e-crysta llin e  s i l ic o n  cap acitor (F ig. 1 .1 ) ,
i i )  P o ly s ilicon  oxide p o ly s il ic o n  capacitors (F ig. 1 .2 ) ,
i i i )  S ilicon  gate MOS-capacitors (F ig . 1 ,3 ) .
These capacitor structures tend to have common ch a ra cter istics . 
For d e ta ils , re fe r  to  Reference 58. From the stand-point o f 
active-C  f i l t e r s  and o s c i l la to r s , the more important character­
i s t i c s  are next described.
(a ) Ratio accuracy
Key aspects to the performance o f any frequency se le ­
c t iv e  netwoiic are accuracy and rep rod u cib ility  o f  the resonant- 
frequency sind the other important c i r c u i t  parameters. For 
the active-C  f i l t e r s  and o s c i l la t o r s ,  th is  requires a high 
le v e l o f  accuracy in  the implementation o f  the ra tios  of 
cap acitors. Integrated MOS capacitors have a value, which is  
deterroined by the d ie le c t r ic  constant, the thickness o f  d ie ­
l e c t r i c ,  and the area o f the ca p a citor . Assuming that the 
d ie le c t r ic  constant and thickness do not vary, the ra tio  o f 
two capacitors made within the same integrated  c ir c u it  w ill  
then depend only on th e ir  area ra t io . This is  prim arily 
determined by the geom etrical shape o f  the ca p acitors, defined 
by the photolithographic mask used in  the making o f  an integra­
ted c ir c u it .
Me fal T h e r m a l  o x i d e
Fig. 1.1 MOS  capocitor with metal top plate, 
N+ bottom plate gs  formed in 
me(o l~gote  or CMOS.
Vapor dcpos'tfed T h i n  f h c r m a l  o x i de
F i g . 1.2 Capacitor formed between t w o  layers  
of poly sUicon. The oxide dielectric  is 
f o rm e d  by thermal ly  oxidizing poly 1 
before depos'iting poly 2.
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oxide
Fig. 1-3 Capacitor with poly silicon as top plate 
and heavily - im planted bottom plate a s  
formed in s i l i c o n - g o t e  MOS  with on 
extra imp lant  mosk.
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Error in  the geom etrically defined ra t io  occur because 
the actual d iffu s ion  o f  a ca p a citor  is  done o p t ic a lly , which 
resu lts  in  error in  the cap a citor  edge lo ca tio n  due to the 
f in it e  wavelength o f  l ig h t  used and the con tro l o f chemical 
or plasma etching during m etallization^^. In addition, error 
may a lso  be introduced because the thickness o f  the d ie le c tr ic  
may vary with distance across an integrated c ir c u it ,  particu ­
la r ly  in  large-valued Cs. These e ffe c t s  can be a llev ia ted  
with a carefu l layout o f  the components. A lso, the errors 
tend to  become sm aller as the cap a citor  dimensions are made 
la rger . Generally speaking, the achievable ra tio  accuracies 
range from 1 to 2 percent fo r  small cap acitor geometries 
( ^  400 jum ) ,  to  b e tte r  than 0.1  percent fo r  large capacitor 
geom etries, approaching the lim it  o f  economical s ize  
(40,000 psa. ) . This aspect a lso  emplies that as tne
cap acitan ce-ra tio  (C-spread) gets la rger , tne achievable
accuracy in  a given area decreases, since the smaller o f  two 
capacitors must be decreasing in  value. The present range 
o f  ra tio  accuracies exhibited  by MOS capacitors makes them 
highly a ttra ctive  fo r  the active-C  networks.
( b ) Voltage c o e f f ic ie n t  and temperature c o e f f ic ie n t
MOS capacitors made with heavily doped s i l ic o n  plates 
d isp lay  voltage c o e f f ic ie n ts  in  the range o f  10 to  100 ppm/V.
Temperature c o e ff ic ie n ts  are generally in  the range o f 20 to
50 ppm/°C. For C -ra tios , which are more s ig n ifica n t to
15
active-C  networks, these varia tion s are much lower. A lso, 
the variations in  the c o e f f ic ie n ts  are small enough to  be 
in s ig n ifica n t  in almost a l l  p ra ctica l applications.^^
(c )  P arasitic  capacitances
In both p o ly s il ic o n -p o ly s il ic o n  capacitors and in 
m eta l-s ilicon  cap a citors , a s iza b le  p a ra sitic  capacitance 
ex ists  from the bottom p late o f  the cap a citor  to  the 
substrate. In the case o f  ca p a citors  made with two poly­
s i l ic o n  p la tes , th is  is  the capacitance o f  the S i02-la y er , 
under the f i r s t  layer o f poly . In the case o f  m eta l-s ilicon  
cap a citors , i t  con stitu tes  the capacitance o f  the p-n Junction 
surrounding the heavily doped region . T yp ica lly , these values 
range from on e-fi£ th  to  one-tw entieth o f  the MOS capacitor 
i t s e l f ,  depending upon the technology. A lso oecause the top 
p la te  o f  the MOS cap acitor must be connected to  other c ircu ita ry , 
a small capacitance w ill  e x is t  from the top p late  to  the 
substrate due to the in terconn ection s. This capacitance can 
range from 0.01 to  O.OOl times o f  the desired MOS capacitance, 
depending upon the cap acitor s iz e , layout and technology. The 
p a ra s it ic  capacitances are unavoidable and the design o f 
active-C  f i l t e r s  and o s c i l la to r s  must be done in such a,way 
that they do not degrade the c i r c u i t  performance. This 
aspect shall be discussed in  the th esis  in  more d eta il.
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0 MOS-resistors
In the active-C  re a liza tio n s , re s is to rs  are not 
required fo r  settin g  the time constant o f  the frequency 
s e le c t iv e  c ir c u it s  and are a lso  not envolved in  the parameters 
o f  the c ir c u it s . However in  certa in  cases, where the dc path 
is  bloclced by c a p a c ito r (s ) , a high-valued r e s is to r  2 Mohm) 
may be required to  provide the necessary dc b iasing and 
s ta b i l it y  to  the c ir c u it .  Fortunately, these res is to rs  are 
not required in  p recis ion . In MOS technology, such low accu­
racy high-valued re s is to rs  can ea s ily  be implemented in the
58form o f pinched re s is to rs  .
The cro ss -se ct io n a l view o f  a CMOS pinched re s is to r  is  
shown in  Fig. 1 .^ . The so -ca lle d  'w e l l ’ or *tub’ region in 
bulk CMOS processes usually has a sheet resistan ce in  the 
range o f  1000-5000 ohms per square. By pinching -the well 
d iffu s io n  from xhe top with opposite p o la r ity  S-D d iffu s ion  
(as shown in  Fig. 1 .4 ) ,  s t i l l  higher sheet resistan ces may be%
achieved. The voltage  c o e f f ic ie n t  o f  pinched re s is to rs  are 
generally high^®.
In the follow ing two subsections, the a ctiv e  devices, 
v i z . ,  OAs and OTAs, are discussed. These s h a ll, respective ly , 
be used in  the rea liza tion  o f  OA-C and OTA-C c la ss  o f  networks.
1 .5 .2  MOS-operational am plifiers
Tne m onolithic operational a m p lifier  (Oa ) ,  because o f  
i t s  high v e r s a t i l it y , high performance and a v a ila b ility  as an
T h e r m a l  o x t d e Metal
Fig. 1-4 P i nche d "  res i s tor  in o C M O S  well,
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o f f - th e -s h e l f  item, has already become a defacto  standarxi 
a ctiv e  device fo r  the design o f  analog systems. Operational 
am plifiers can be c la s s i f ie d  under :
i )  B ipolar operational am p lifier ,
i i )  Bi-FET and Bi-MOS operational a m p lifiers ,
i i i )  MOS-operational am plifier.
The b ipolar OAs are already ava ilab le  in  the market as standard 
IC chips from a large number o f  semiconductor houses. In fa c t , 
i t  has become the workhorse o f  analog integrated c ir c u its  and 
a large  volume o f techn ical l ite r a tu r e  is  already available 
on i t s  performance and applications^® ’ ^®’ ^^’ ^^
The Bi-FET and Bi-MOS operational am plifiers have a lso  
become commercially availab le  in  the form o f  IC ch ips, e .g . ,  
LF351, LF347, are Bi-FET OAs and CA5130, CA3240 are Bi-MOS OAs. 
In Bi-F£T ana Bi-MOS am plifiers , the d if fe r e n t ia l  inpui: stage 
i s  constitu ted  by JFETs and MOSFETs, resp ectiv e ly , and the 
remaining stages are sim ilar to  those o f b ip o la r  OAs. The 
use o f  FET-based d if fe r e n t ia l  stage lends high input impe­
dance to  the device ( ~  10*^ Mohms and even more).
Recently, all-MOS integrated operational am plifiers
58 38have a lso  become ava ilab le  in  NMOS and CMOS technologies ’ .
These show a revolutionary p oten tia l fo r  implementation, as
active  component, in large sca le  integrated  MOS c ir c u it s . They
occupy three to fiv e  times smaller chip area as compared to
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th e ir  b ip o la r  coianterpart. At present, MOS operational 
am plifiers are already being used in  the rea liza tion  o f  MOS- 
compatible switched cap acitor networks. As a resu lt , MOS 
am plifiers have recently become a top ic  o f  keen research.
This in terest is  ejqjected to be further enhanced, as the 
integrated  OA-C networks are a lso  based on the MOS-OAs,
The b ipo lar  technology normally y ie ld s  matched-pairs 
o f  tra n sistors  with an order o f  magnitude lower o f f - s e t  
vo lta ge , an order o f  magnitude higher transconductance per 
stage and lower equivalent input noise (p a rticu la r ly  the 
1/f-com ponent). As a resu lt , the general performance o f  
bipolar-OAs is  superior to  that o f  MOS-OAs. However, future 
prospects o f  MOS-OAs, as a part o f  LSI ch ip , have recently 
led  to s ig n ifica n t research in  the area, resu ltin g  in great 
improvements in  rhe performance ana ch a ra cte r is t ics  o f  these 
amplifiers®^” ®^.
The recent improvement in  the MOS process technologies 
have reduced the in p u t -o f f -s e t  voltage o f  MOS-matched pa ir to 
the order o f 5 -to 10 mV, which may further be reduced by 
methods already ava ilab le  in  litera tu re^ ^ . The improved 
process has also increased the maximum voltage gain per stage 
to  the order o f 1000 and o f  two casecaded MOS gain stages as 
10,000®^.
The gain bandwidth product (B) o f  MOS tran sistors have 
a lso  improved considerably by the reduction  o f  device dimensions
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and by s e lf-a lig n in g  process, which reduces the internal
capacitances. The unity gain bandwidth fo r  MOS-OAs are
ty p ica lly  in  the range o f  1 to  5 MHz. The noise in MOS
tran sistors  has a lso  been reduced considerably through the
reduction o f surface state d en s itie s . The l/f-com ponent is
s t i l l  dominant at low frequencies, with corner frequencies
84in the range o f 5 to  10 KHz . The measured rms equivalent 
input noise voltage fo r  s i l i c o n  gate NMOS and metal gate 
CMOS-OAs, integrated over a band from 20 Hz to  20 KHz, is  
in the range o f  30 to  100 ;uV. The am p lifier  noise may 
d ra s t ica lly  be reduced by signal chopping technique at the 
c ir c u i t s ’ input®^. I t  may be noted that dc o f f - s e t  is  a 
specia l case o f  low-frequency n o ise . Therefore, s im ilar 
method is  useful fo r  i t s  minimization.
The rea liza tion  schemes o f  MOS-OAs have been discussed 
in Appendix-A. The am plifier performance is  described as 
fo llow s.
0 A m plifier performance
The sa lien t parameters fo r  the three important types 
o f  MOS am plifiers are shown in  Table 1 .1 . I t  may be noted 
that except fo r  unity gain bandwidth and slew -rate, the para­
meters o f  NMOS-Si-gate OAs are superior to  the other two 
types o f  am plifiers. With the present trend in  research, 
the figures in  the table  are bound to  improve. A comparative 
parameter study fo r  BJT, Bi-FET, and MOSFET am plifiers is
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Table 1 .1  ; Typical parameters o f MOS-OAs
Parameters NMOS M etal-gate
NMOS
S i-ga te
CMOS 
M etal-gate
Circxiit area, mm 
Open-1OOP gain 
Input o f f - s e t ,  mV 
Power consumption, mW 
Unity gain bandwidth,MHz 
Slew-rate ( + / - ) ,  V/ps 
RMS input noise , pV
0.77
350
<100
150
5
7/7
60
0.18
-1500
<15
18
2.1
2 .6 /4
35
0.35
1500
<20
22
3.2
8/33
51
Table 1 .2  : Typical parameters o f  B ipolar, Bi-FET and MOS OAs
Parameters BJT-Oa Bi-FET-OA MOS-QA (741) (LF 351) (NMOS I  CMOS)
Open loop  gain
CMRR
Input Resistance
Output Resistance
2xl0^(=10odB) 10^(=100dB) 2xl0^(=50dB)
95dB 
10 ohm
75 ohm
lOOdB
75 ohm
70dB
10^ ohm
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given in  Table 1 ,2 . I t  may be noted that as the performance 
figu res o f  MOS-OAs are fa s t  improving , i t  is  expected that 
soon the M OS-characteristics w ill  become comparable to those 
o f  the BJT. Even in  the present con text, MOS-OAs have an 
edge over th e ir  BJT counterpart in  terms o f  exce llen t input 
impedance le v e l ,  lower chip area and power consumption.
A typ ica l frequency response curve o f  an in tern a lly
compansated NMOS-OA is  shown in  Fig. 1 .5 . The response i s
sim ilar to  that o f  a b ip o la r  OA and may be modelled by the
48frequency dependent open-1 oop gain :
A w e"®'' B
A(s) = - 2 - ^ -------- ---------------  (1 .1 )
s  + W s wa a
where, A„ i s  the open-1 oop dc gain, w is  xhe 3dB-frequency
O B
and e” ®**', is  included to  account fo r  the delay ( i )  or the
excess phase C-vr). The term, S (= a w ) ,  i s  the gain band-O ci
width product o f OA and con stituxes a figu re  o f merit fo r  the
device. Since the low frequency pole  (w ) i s  usually o f  the
3i
order o f  2n krad/sec fo r  an integrated MOS-OA ,^ therefore
in  high-frequency a p p lica tion s , i . e . ,  w >> w , eqn. ( 1 . 1 ) may
di
be s im p lified  to
A(s) = -  (1 .2 )
s
I f  the excess-phase e f f e c t  term i s  neglected , i . e . ,  t o
For BJT-OAs, w 100 rad /sec.a
?3
( a )
10 10 
Frequency (Hz)
(b)
Fig.I.S A typical  frequency response  of an NMOS-  
OA (a) gain magn i tude  (b) gain phase-
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( f o r  w < 0.1 B), eqn. (1 .2 )  reduces to
A(s) = (1 .3 )
This s im p lified  or in tegrator model o f  an OA (1 .5 ) may 
conveniently be used in  designs from a few k iloh ertz  to  a 
few hundred k iloh ertz  range. In c ir c u it  designs fo r  higher 
frequencies, the model depicted by (1 .2 )  may be used upto a 
few MHz range.
The representation o f  an OA generally  used in  the 
analysis and synthesis o f  OA-C c ir c u it s  i s  shown in  Fig. 1 .6 . 
Here the am plifier i s  assumed to  be id e a l, except fo r  the 
open-loop gain, which is  assumed to be frequency dependent . 
and given by (1 .1 )  through (1 ,3 ) .
1 .3 .3  Operational transconductance am plifiers
The m onolithic operational transconductance am plifier 
(OTA) i s  re la tiv e ly  a new a ctiv e  device and is  now commercially 
ava ilab le  in  the chip form. As an OTA is  b a s ica lly  a d iffe re n ­
t ia l  voltage con tro lled  current source (DVCCS), i t  is  best 
described in  terms o f i t s  transconductance gain (gj^) rather 
than the voltage gain. The OTA can a lso  conveniently be made 
to wor^ as a d if fe r e n t ia l  voltage con tro lled  voltage source 
(DVCVS) by taking the output from a cascaded bxiffer stage.
Being sim ilar to an OA, the m onolithic OTA exh ib its  high 
performance and great v e r s a t i l it y  in  functional rea liza tion s .
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In addition , i t  has a highly a ttra ctiv e  feature o f  convenient
lin e a r  control o f i t s  transconductance gain with b ias-con tro l
current or voltage. The lin e a r  va ria tion  o f  with b ias-
89 90con tro l i s  present over several decades ’ . In general,
the OTA-based c ir c u its  o f fe r  advantages o f  s im p lic ity  in 
design, lower component count, re lia b le  high frequency opera­
tion  and wide-range tu n ab ility  over the OA-based c ir c u it s .
This has made OTA a strong r iv a l o f OA in  the analog c ir c u it  
design, p a rticu la rly  when tu n a b ility  is  an important c r ite r ia . 
The m onolithic OTAs can be c la s s i f ie d  under the follow ing 
ca tegories  :
i )  B ipolar OTAs,
i i )  MOS-OTAs.
The two classes  o f  OTAs are now b r ie f ly  discussed.
0 BiPolar-OTAs
The b ipolar (BJT) OTAs are now commercially available
89 90as standard chips from various IC manufacturers ’ . They
may be obtained as sin gle  devices (LM 3080, CA 3080), as 
dual-OTA on a chip (LM 13600, CA 3280) and as triple-OTA on 
a chip (Ca306C). Power OTas are a lso  ava ilab le  in  the IC 
fomn, viz.^ Ca309^. Improved performance OTAs, with on-chip 
b u ffers  and lin ea riz in g  diodes, are comraercicilly available 
in LMI3600, LM15700. The b u ffers  are convenient in rea liz in g  
DVCVS and the lin ea r iz in g  diodes helps in extending the dynamic
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range o f  the device. The re a liz a tio n  scheme o f b ip o la r  OTA 
has been included in  Appendix-B. The symbolic representation, 
along w ith ,ideal small signal model of an OTA are shown in 
Fig. 1 .7 , where the input (R^) and output (R^) impedances are 
assumed to be in f in it e .  The non-ideal model o f the device, 
fo r  more accurate analysis, is  shown in  Fig. 1 ,8 . The para­
meters o f  a p ra ctica l OTa are found to be in  c lo se  approxima­
tio n  with those o f  an ideal OTa , as i s  evident from Table 1 .3 .
The transconductance gain o f  an OTA is  proportional to  the
am plifier b ias-curren t Ig and i s  given by
, (1.1.)
where 'h ’ is  the p rop ortion a lity  constant and depends upon
temperature, device geometry, process, e tc . For popular
b ip o la r  OTAs, such as, LM3080, LML3600, the transconductance
89can be shown to  de given by
“ 2Vj
or
= ^5.23 Ig (1 .6 )
at a room temperature o f  28°C. From the manufacturers data­
sheets, the lin ea r  va ria tion  o f  g^^^ with Ig i s  availab le  in
89the range o f 3 to 6 decades . From the OTA’ s model o f 
Fig. 1 .7 , the output current is  given by
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ideal OTA.
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(b) Equivalent circuit  of an
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Table 1 ,3  : Parameters o f an OTA (CA3280A) at Ig= 500 fiA
C haracteristics at 
T = 25°C, + 15V
Min. Typ. Max. Units
Input o f fs e t  voltage - 0.25 0.5 mV
Input o f fs e t  current - ■ 300 700 nA
Input bias current - 1800 5000 nA
Peak output current 350 410 650 A^
Large signal forward 
transconductance, g^ j
- 0 .8 1.2 mmho
CMRR 9^ 100 - dB
Common mode input 
vo ltage  range
-13 - +13 V
Slew-rate - 125 V/ps
Input resistance 500 - - Kohm
Open-loop banawidth - 9 - MHz
Noise voltage, e^,at 
1 KHz
- 8 - nV/jHz
i-
j . I ■ 
i i * - "
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In b ip o la r  OTAs, i s  -basica lly  con tro lled  by current ( I g ) .  
However, since biasing techniques abound fo r  creating current 
proportional to a given vo lta g e , i;he voltage control o f OTA 
is  a lso  conveniently p oss ib le . See Appendix-D fo r  d eta il on 
OTA-biasing.
0 MOS-OTAs
The OTA-C c la ss  o f  networks w ill be shown to  be 
rea liza b le  with OTAs and ca p a citors . For the implementation 
o f  any analog c ir c u it  in  the IC form, e lectron ic  tu n ability  
becomes a veiy  s ig n ifica n t featu re . From our study o f OTAs, 
i t  i s  evident that the OTA- based c ir c u it s  are bound to 
enjoy wide-range e le ctro n ic  tu n a b ility  with Ig/Vg con tro l.
This makes the MOS-OTA a highly a ttra ctiv e  device fo r  future 
fo r  the rea liza tion  o f  m onolithic analog networks.
The lite ra tu re  on MOS-OTAs in  s t i l l  itmaature. However,
continuous research and developmental e f fo r t s  are on record
towards the rea liza tion  o f  m onolithic MOS-OTAs. Recently,
82 91CMOS and NMOS devices have been reported in lite ra tu re  .
The c ir c u it  rea liza tion  o f  a CMOS-OTA has been included in
Appendix-C. I t  consumes 10 mW and exh ib its  a s h o r t -c ir c u it
bandwidth o f 15 MHz. Note, here the transconductance (g^)
i s  adjustable by the con tro l vo ltage  (V ) and th erefore ac
MOS-OTA is  b a s ica lly  a voltage con tro lled  device. Once again,
82wide range tu n a b ility  is  present with Vo
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1 .4  Comments on the General Performance o f Continuous Time 
Active Networks
The perfonnance o f  an a ctive  network deviates in  a
number o f ways from idea l operation and leads to  problems of
accuracy and s ta b i l it y . This is  b a s ica lly  due to two factors
( i )  network s e n s it iv ity  and ( i i )  non-idealness o f  active
elements. S e n s itiv ity  is  a measure o f the e f fe c t  o f the
change in  the nominal value o f  one or more o f  the c ir c u it
elements. Generally, a ctive  networks are more sen sitive  than
the passive ones ; th is has made s e n s it iv ity  analysis and it s
21 22 25minimization a f ie ld  o f extensive research in past * ’
•Ip
Various s e n s it iv ity  measures are ava ilab le  in lite ra tu re  ' 
However, throughout th is  th e s is , s e n s it iv ity  o f  a network 
function  F (x,y) to an element o f  va ria tion  x, w ill  imply :
X dF(x,y)s ^ u .y ;  -, ----------------------------- (1 .9 )
 ^ F (x ,y ) dx
This incremental measure is  convenient to  evaluate and a lso  
presents a fa ir ly  usefu l p icture  o f  the overa ll network 
s e n s it iv it ie s .
The commercial a ctive  devices are b a s ica lly  non-ideal 
in  nature and i f  th e ir  non-idealness are not properly taken 
in to account during the design, severe degradation o f p erfor­
mance resu lts . The s in g le  most serious among the non- 
idealness o f an OA i s  i t s  f in i t e  and frequency dependent
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open-loop gain. Since the frequency dependence o f  an OA 
(eqn. 1 .1  to  1 .3 ) i s  employed to  advantage in the design 
o f  OA-C networks, the high frequency performance o f  such 
c ir c u it s  greatly  improve, along with the prospects o f  mono­
l i t h i c  in tegration . These c ir c u it s  work s a t is fa c to r i ly  below 
200 KHz, i f  the OA~raodel o f  eqn. (1 .3 ) is  employed in the 
rea liza tion . I f  the more accurate OA-model o f  (1 .2 )  is  used 
in  the c ir c u it  re a liza tio n , the same OAs present sa tis fa ctory  
performance upto a few MHz range. The other non-idealness in 
OAs can a lso  a ffe c t  the c i r c u i t  performance. These w ill be 
considered in  d e ta il in  Section  4 .2 .4 .
In the case o f  OTA-based c ir c u it s ,  the operational 
transconductance am plifier inherently has large bandwidth, 
v i z . ,  2 to 10 MHz. Thus, the c ir c u it s  designed with the idea l 
model i t s e l f  give re lia b le  high frequency performance upto 
few MHz range. However, ca re fu l considerations may be required 
due to the other non-idealness present in  the device, such as, 
lim ited  input voltage range, s lew -rate , etc . These non- 
idealness should be considered in the design o f  c ir c u it s . The 
d e ta ils  regarding these aspects sha ll be discussed in  Section 7.5
1.5 Scope o f  the Thesis
The area o f  m onolithic analog c ir c u it s  has recently 
gained great importance due to  i t s  poten tia l in  the fabrica ­
t io n  o f  hybrid e le ctron ic  systems, having d ig ita l ,  as-w ell- 
as, analog subsystems on the same S i-ch ip . The intent o f
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th is  th esis  is  to  give active-C  rea liza tion s  o f  network
functions, which are a ttra ctiv e  from the considerations o f
performance, a s -w ell-a s , su itab le  fo r  monlithic implementa­
tion  in  the popular MOS IC technology. These c ir c u it s , in
addition , enjoy re lia b le  high frequency performance. The
continuous time active-C  networks considered in  th is  thesis
are c la s s i f ie d  as ; ( i )  OA-C networks and ( i i )  OTA-C networks.
Both the c la sses  use MOS-compatible active and passive compo­
nents in  th e ir  rea liza tion s . In Chapter 1 , an introduction  
and basic motivation to  the active-C  networks, along with, 
some relevent background material have been included. The 
conducted in vestigation s are reported in  Chapteis2 through 7 
and the overa ll conclusions are given in  Chapter 8.
In the tn es is . Chapters 2 to  3 are concerned with the 
rea liza tion  and study o f OA-C c la ss  o f f i l t e r s  and o s c il la to r s . 
In the rea liza tion  o f  OA-C networks, the in ternal dynamics of 
an OA, v i z . ,  i t s  frequency sen s itiv e  gain (1 .5 ) ,  i s  u t iliz e d  
in  the design o f  r e s is to r le s s  networks, which have re lia b le  
high frequency performance. Chapter 2 deals with the r e a l i ­
zations o f  some important types o f  OA-C immittance simulators 
and th e ir  performance study. The basic motivation is  to  employ 
such rea liza tion s in  deriv ing MOS-compatible f i l t e r s  and 
o s c i l la to r s , resp ectiv e ly , fo r  Chapters 3 and 5. The simula­
tors may also be employed in  rea liz in g  unconventional functions 
and a lso  fo r  obtaining large-valued components. Various
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conventional and non-conventional grounded immittance 
functions are rea lized , both in  the ideal and non-ideal 
forms. Detailed performance studies are made. Some tech­
niques fo r  the rea liza tion  o f  flo a tin g  im-nittance functicais 
are a lso  studied.
in Chapter 3, D irect Form Synthesis to OA-C f i l t e r s  
has been considered. Three synthesis techniques, v i z . , the 
L-based approach, the FENR-based approach and the FDNCAP-based 
approach, are described and c r i t i c a l l y  studied fo r  the r e a l i ­
zation  o f  second-order, a s -w e ll-a s , h igher-order networks in  
the OA-C form. In a l l  the techniques, b a s ica lly  the OA-C 
sim ulators o f Chapter 2 are employed. Methods are suggested 
fo r  rea liz in g  high performance c ir c u it s  with low count o f  
a ctive  and passive components. The s u ita b il ity  o f  a particu lar 
d ire c t  form synthesis approach la rg e ly  depends upon the c o n fi­
guration o f the prototype. Suggestions are made as to when 
to  apply a particialar d ire c t  form syntnesis technique to 
advantage. A ll the rea liza tion s  used only OAs and C -ra tios , 
which makes them su itab le  fo r  m onolithic MOS-implementation, 
Some o f the f i l t e r s  rea lized  under the three techniques are 
a lso  v e r ifie d  experimentally.
The Cascade Approach to  OA-C Synthesis is  considered 
in  Chapter 4. The oasic bu ild ing b locks, v i z . , f i r s t  and 
second- order OA-C f i l t e r  section s , are rea lized  and studied. 
The second-order f i l t e r s  are mainly studied with the emphasis
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on th e ir  m ultifunctional c a p a b il it ie s , which is  a very 
important feature fo r  m onolithic implementation. The sensi­
t iv i t y  perfonnance o f  the c ir c u it s  is  a lso  considered in 
d e ta il .  The rea liza tion  o f  a general biquadratic f i l t e r  fo r  
obtaining a l l  the standard responses is  given. The 
various aspects o f Oa-C cascade form synthesis are c r i t i c a l ly  
examined. Various non-idealness o f  p ra ctica l components are 
considered and suggestions made fo r  th e ir  minimization, in 
order to  achieve a re lia b le  f i l t e r  design. Experimental 
v e r if ic a t io n s  are included fo r  the f i r s t - ,  second- and 
h igher-order f i l t e r s .
Chapter 5 deals with the study o f  MOS integrable OA-C
cla ss  o f  o s c i l la to r s . Three d ire c t  form approaches are des­
cribed  fo r  the rea liza tion  o f such o s c il la to r s . These nave 
b a s ica lly  been rea lized  by using the immittance simulators 
o f  Chapter 2. In most o f  the cases, the con dition  o f o s c i l la ­
tion  is  shown to  be in terms o f  B -ra tios  and C -ra tios , while
the frequency o f o s c il la t io n  is  found to  be in  terras o f
absolute B and ratioed-C . The analog computer approach is  
a lso  used in the rea liza tion  o f o s c il la to r s . Such c ir c u its  
have the a ttra ctive  features o f  having the con d ition  o f 
o s c il la t io n s  only in  terms o f  C -ra tios . This g ives extended 
range o f  tu n ability  to  the c ir c u i t  and a lso  provides quadra- 
ture-outputs at the output terminals o f the two OAs. Some 
OA-C based o s c il la to r s  are a lso  rea lized  d ir e c t ly  from th e ir
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tra n sfer  functions. Performance studies are included. In 
general, a l l  the c ir c u it s  are found su itab le  to MOS imple­
mentation and show good performance, including, re lia b le  high 
frequency operation.
Chapters6 and 7 are concerned with the rea liza tion  o f 
OTA- based f i l t e r s  and o s c i l la to r s , which are a lso  implemen- 
table  in  the MOS form. The inherent ch a ra cte r is t ics  o f a 
m onolithic OTA has a number o f  desirable features, such as, 
wide-range lin ea r  e le ctron ic  tu n a b ility  with bias current/ 
voltage con tro l, high v e r s a t i l i t y , functional performance as 
DVCCS, a s -w ell-a s , DVCVS and wide bandwidth. These properties 
a lso  r e f le c t  in the investigated  OTA-based rea liza tion s . In 
Chapter 6, the rea liza tion  and study o f  m ultifunctional, wide- 
range electronically-cunable OTA-C f i l t e r s  i s  conducted. The 
three basic bu ild ing-b locks (BBs), v i z . ,  programmable integra­
to r  (P I ), f ir s t -o r d e r  se ction s , and C -m ultip lier, are rea lized  
and studied. The BBs are used in  the rea liza tion  o f  three 
ca tegories o f f i l t e r s ,  with m ultifunctional responses. The 
performance o f the c ir c u it s  are considered in d e ta il .  I t  i s  
shown that, in  general, the OTA-C f i l t e r s  are characterized  
by the follow ing a ttra ctiv e  features : wide-range e lectron ic  
tu n a b ility , v e r s a t i l it y  o f  providing m ultifunctional charac­
t e r is t i c s ,  re lia b le  high frequency performance, low se n s it iv ity  
p rop erties , simple c i r c u i t  rea liza tion s  and convenient imple­
mentation in  the MOS technology. The rh eoretica l resu lts are
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a lso  v e r if ie d  eicperimentally.
The rea liza tion  and study o f OTA-C based waveform 
generators are considered in  Chapter 7. S ix o s c il la to rs  are 
rea lized , where the conditions o f o s c il la t io n s  are in  terms 
o f  gjjj-ratios and C -ra tios . In the two additional c ir c u its , 
rea lized  through the analog computer method, simultaneous 
quadrature-responses are ava ila b le . These c ir c u its  a lso  
exh ib it superior performance and convenient tu n ab ility  over 
three decades at a s in gle  se ttin g  o f  the con dition  o f o sc i­
l la t io n s . A ll the OTA-based o s c il la to r s  are shown to have 
a ttra ctiv e  s e n s it iv ity  p rop erties . An OTA-C based function 
generator i s  a lso  rea lized , which can simultaneously provide 
good quality , w idely txinable sin e , square, and triangular 
waveforms, along with, convenient amplitude con tro l. The 
p ra c tica l considerations, which are extremely important in 
the design and re lia b le  operaxion o f  OTA-C f i l t e r s  and 
o s c i l la to r s , are considered in  d e ta il. Suggestions are made 
fo r  minimizing the e f fe c t s  o f  non-idealness o f devices on 
the performance o f  c ir c u it s .  Some o f  the c ir c u it s  are a lso  
v e r i f ie d  experimentally.
In Chapter 8, a comparative study of the two classes  
o f active-C  networks is  made. This i s  follow ed by a discu­
ssions o f  the main resu lts  o f  the th es is . F inally , some 
problems are suggested fo r  future work in  the area.
C H A P T E R  2 
ipTIVE (OA)-C SIMULATION OF IMMITTANCE FUNCTIONS^
2 .0  Introduction
This chapter is  prim arily concerned with the active 
(OA)-C sim ulation o f  important types o f  immittance functions. 
The basic ob jective  o f  such simulations is  to  use them in  the 
active-C  d ire ct  form synthesis fo r  the rea liza tion  o f  MOS- 
compatible c ir c u it s . This aspect w il l  form the theme o f 
Chapters 5 and 5. In addition , the OA-C simulators may a lso  
be used in the ( i )  rea liza tion  o f  unconventional functions 
and ( i i )  rea liza tion  o f  large-valued  components, such as 
inductors, in  a weight and s ize  which are not p ossib le  with 
the corresponding passive components.
The f i r s t -p o le  r o l l - o f f  model o f an OA, along with
capacitors, is  employed in  the OA-C simulation o f  various
types o f  iaimittance functions. The u t i liz a t io n  o f  the
dynamic model o f an OA, not only rea lizes  c ir c u it s  su itab le
fo r  m onolithic MOS-implementation, but a lso  provides re a liz a -
h3 52tion s with exce llen t high frequency performance ’ . Using
the technique, the fo llow ing gro'jnded immittance functions 
are rea lized  and studied in  d e ta ils  : inductance and L-based 
c ir c u it s , frequency dependent negative resistan ce (FDNR) and
The material presented in  tn is  chapter has lea  xo tne 
p u b lica tion  o f the author’ s paper no.  ^ l is t e d  on 
page v i i ,
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■V.
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FDNR-based c ir c u it s ,  frequency dependent negative capacitance 
(FDNCAP) and i t s  corresponding c ir c u it s . In addition , some . 
other usefiil immittances are a lso  rea lized  and studied. The 
rea liza tion  o f  floa tin g  components from th e ir  grounded version  
is  a lso  examined.
Tne work is  organized as fo llow s. In Section  2 .1 , the 
rea liza tion  and study o f  inductor and inductor-based circ\ iits  
i s  included. An OA-C sim ulator fo r  idea l inductor rea liza tion  
is  f i r s t  c r i t i c a l ly  studied. Various d eta ils  regarding c ir c u it  
analysis and performance o f  the c ir c u i t  are examined. The same 
methodology i s  subsequently extended to the study o f  other 
inductor-based c ir c u it s .  The FEWR and FDNR-based c ir c u its  
are studied in Section  2 .2 . Frequency dependent negative 
capacitance i s  r e la t iv e ly  a le s s e r  known element in  active 
s3mthesis^^. This unconventional component is  described and 
rea lized  in Section  2 .3 . Moreover, other FDNCAP- based 
c ir c u it s  are a lso  examined in  d e ta ils . F inally , in  Section 
2 .4 , eight other useful OA-C immittance sim ulators, such as 
positive/negative re s is to r , frequency dependent p os itiv e  
r e s is to r  ( FDPR), p a ra lle l + R : C c ir c u it s ,  p a ra lle l
R ; L : C c ir c io its , are rea lized  and studied. The r e a l i ­
zation  o f  flo a tin g  immittances from th e ir  grounded versions 
are considered in  Section  2 .5 . F inally , the overa ll concluding 
remarks are given in Section  2.6 .
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2.1 R ealization  and Study o f  OA-C Inductor and Inductor- 
Based C ircu its
This section  deals with the rea liza tion  and study o f 
OA-C inductor and L-based c ir c u it s .  The case o f  an ideal 
grounded inductor is  f i r s t  considered in  comprehensive d eta ils  
in  Section  2 .1 .1 . The basic idea o f  such a deta iled  study is  
to i l lu s t r a te  the method o f  analysis and performance study fo r  
a grounded sim ulator. Sim ilar studies are then performed on 
the other L-based c ir c u it s ,  without giving the monotonous 
d e ta ils  o f analysis and performance study. Only the fin a l 
resu lts  o f  the L-based c ir c u it s  are included in  Table 2 .1 , 
which gives the function  rea lized  and i t s  equivalent, the 
rea lized  components’ va lu es , s e n s it iv ity  figu res and sa lien t 
remarks regarding each rea liza tion s . C r it ic a l comments on 
the L-based rea liza tion s  are included in  Section  2 .1 .2 .
2 .1 .1  R ealization  o f  an id ea l inductor
The c ir c u it  rea liz in g  an id ea l grounded inductor using 
OAs and a cap a citor  i s  shown in  Fig. 1 (a ) . Routine analysis, 
using the f ir s t -p o le  r o l l - o f f  model (‘1 .5 ) o f OA, y ie lds  the 
d riv in g-poin t impedance function  at port l l '  o f Fig. 1(a) as :
B ,-B ,) -s ^ (B g -B ,)B ^ B 3 .  _________________
sC s'*CB2-Bj)-s^(B2-B3)B^B5-s^(Bj^-B^)B2BjtB3^B2B5Bi,B5
In (2 .1 ) ,  i f  = B^, and B2 = B^, then i t  reduces to
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Z(s)
F i g . 2-1 (a)  I d e a l  O A - C  ’i n d u c t o r  a n d  i t s  e q u iv a le n t ;  
w h e n  B-j = B ^  and 8 2 = 6 3 .
A
o -
Ca B
i C b
Fig.2*1 (b) Capacitive attenuator.
U2
s
2 (s ) = --------  = sL (2 .2 )
where
I-e -------------  (2 .3 )
Thus, the c i r c u i t  simulates an idea l inductor, when two pairs 
o f  OA s^, with matched gain bandwidth products, are employed.
This can ea s ily  be achieved in  p ra ctice  by using OA’ s fa b ri­
cated on the same d ie , as in  the case o f  m onoloithic ch ips, 
l ik e ,  CA3240, LM747, LM324, or by in tegrating the entire  
c i r c u i t .
We next con sider some o f  the important features o f  the 
simulated inductor.
0 Tunability : This is  an important consideration  in  the 
rea liza tion  o f  any p ra ctica l c i r c u i t .  The expression fo r  
inductance (2 .3 ) shows that the c i r c u i t  exh ib its tu n ability  
with C and B^, without disturbing the conditions o f  rea liza ­
tion . This is  next examined in  some d e ta ils .
• A ctive tuning -  The dependence o f  gain bandwidth product 
o f  an OA on the b ia s -vo lta ge  may be u t iliz e d  to  advantage in  
the rea liza tion  o f  bias-tunable c ir c u it s .  Such a tuning 
process becomes important i f  the c ir c u i t  i s  to  be microminia­
tu rized , where otherwise the tuning o f  components forms a 
major r e s tr ic t io n . I t  has been observed experimentally that 
the b ia s -v a ria tion  from 6V to  i  18 V in  7^1-type o f OA*s
^3
gives a corresponding va ria tion  in  B o f  above 40 percent.
This emplies that with such a co n tro l, the inductor may a lso  
be tuned over the same range i f  only the b ias-vo ltage  o f  OA^  
i s  con tro lled . In case the OAs on the same chip are used, 
then combined bias tuning with and B^  may be incorporated 
g iving a maximum varia tion  o f  about 96 percent.
• Passive tuning -  In the d iscre te  version  o f  the c ir c u it ,  
passive tuning with C is  conveniently p ossib le .
0 Parameter enhancement ; The rea lized  inductance value may 
be enhanced by a fa c to r , k = (1+C^/Cg^), by insertin g  the 
ca p acitive  attenuator o f  Fig. 2 .1 (b ) between points A and B 
o f  the inductor’ s c i r c u it .  The attenuator a ffe c ts  the e f fe c ­
t iv e  B o f  OA^  and rea lizes  an inductance value given by
1
L' = ------- ;;---- ^   ^ kLe. (2 .4 )
® CB^ (B^/k)
Such a technique can be used in  the enhancement o f  parameters 
values fo r  a number o f c ir c u it s  considered in  the th es is . The 
m odified c ir c u it  a lso  provides additional passive tuning 
f a c i l i t y  with and/or C^.
0 S en s itiv ity  study ; S e n s itiv ity  is  a very important index 
o f  a parameter F to  the element o f  variation  x^, we imply^^(1.9)
p . X .  ^F
S^ = S (F ; X ) ^ - i  . ~  (2 .5  a)
1  ^ F bx_.
and
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s i   ^ = S (F ; a ,b , . . .  , z) = s f ,  , s j .  (2 .5  b)
A pplication  o f  th is  measure on the inductor expression given 
in  (2 .3 ) y ie lds  some a ctive  and passive L e -sen s itiv ity  as,
Sq® „  = -1 . Here the s e n s it iv ity  measure o f (2 .5 )  cannot 
d ir e c t ly  be applied in  the evaluation o f  other active  Le- 
s e n s it iv it ie s , v i z . ,  S(Lg ; B^, B^), as B^  ( i  = 1 to  4)
are involved in  the m atching-condition fo r  the rea liza tion  o f 
id ea l inductor. However, the requirement o f c r i t i c a l  matching 
in  the active  components makes the c ir c u it  fa ir ly  sen sitive  
to  them. Any mismatch in  Bi would then resu lt in  a c ir c u it  
rea liz in g  a non-ideal component, having unaccountable p a ra sitic  
parameters. In the case o f  present c ir c u it ,  the matching 
con dition  w ill  not persent serious consequences, i f  OAs on the 
same semiconductor chip or the m onolith ic-version  o f the 
c ir c u it  are used in  the re a liz a tio n , as suggested e a r lie r . As 
a g i f t  o f  IC technology, such OAs shall not only provide the 
in i t ia l  inherent matching in  the parameters, but a lso  exh ib it 
exce llen t tracking o f  parameters under varying environmental 
con d ition s. In case L-enhancement is  incorporated, tnen the 
follow ing s e n s it iv ity  ejqjression are obtained ;
= 1  ( 2.6 )
sa = p - f -  , S- = — ( 2. 7)  
a ^a^ ^b b C^+
This gives the fin a l s e n s it iv ity  figu res as :
and
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Sp® = sf*®. Sp = -----——  (2 .8 )
^  '"a .  Cj,
s^'« = s;;'^ = — ^ -  (2 .9 )
 ^ C + C,a b
I t  i s  evident from the above that the c irc ia it , in  general, 
has acceptable s e n s it iv it ie s  fo r  the network parameter o f 
in te re s t . However’, i t  is  to be noted that since the para­
meters Bi*s are themselves dependent on temperature and 
voltage v a ria tion s , th e ir  s ta b iliz a t io n  is  essen tia l in  the 
rea liza tion  o f  r e lia b le  inductor, p a rticu la r ly , under varying 
environmental con d ition s.
2 ,1 .2  Comments on the L~based rea liza tion s  (Table 2 .1 )
Table 2 .1  includes s ix  OA-C c ir c u it s  rea liz in g  grounded 
inductor (L) or L-based c ir c u it s . The grounded L-sim ulator 
o f  Fig. 2.1 (a ) has already been studied in d e ta ils  in  the 
preceeding section . Sim ilar studies have been carried  out 
on the remaining f iv e  c ir c u it s . For the sake o f b rev ity , 
only the sa lie n t resxiLts o f  these c ir c u it s  have been reported 
in Table 2 .1 . The table includes fo r  a given c ir c u it ,  the 
immittance fu n ction , the rea lized  component values and the 
nominal s e n s it iv ity  figu res . I t  a lso  has a column fo r  
important remarks. The sa lien t features o f each c ir c u it  are 
now described.
0 C ircu it o f  Fig. 2 .2  : I t  simulates a p a ra lle l L:C tuned
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-Yls)
’— H fT ^ '— r ~ 1
!" r^  A B => r t ' 1pCe 1
^ Yts)®
F IG .  2.2. PARALLEL L:C SIMULATOR AND ITS EQUIVALENT
1
o-
C2
H h
Y(s)
1o-
F IG . 2.3. PARALLEL R lL '.C  SIMULATOR AND ITS EQUIVALENT.
Y(s)
1
o
= > R e>  L
Y(s)
F I G . 2.A. PARALLEL R :L ;C  SIMULATOR AND ITS EQUIVALENT.
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Cl
HI -
R  
— i
r
= >
1
Y(s)
1'
F IG .  2.5. PARALLEL C(R->>L) SIMULATOR AND ITS EQUIVALENT
Y(s)
C2
1 _L
= >
F IG .  2.6. PARALLEL R:C:(R->L?'SIMULATOR AND ITS EQUIVALENT.
Note: For L-enhancement j  the C-attenuator of FIG. 2.1 is  to 
be inserted between points A and B*
>stands tor series combination.
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c ir c u it ,  using only two OAs and a cap acitor. No matching 
con stra in ts are present in  th is  sim ulation. The c ir c u it  a lso  
has s u f f ic ie n t  f l e x i b i l i t y  fo r  convenient design o f  L and C 
parameters. The L-value i s  b ias tunable with and/or B2 . 
A lso, the L-enhancement is  p ossib le  by a fa c to r  k by using 
the C-attenuator between poin ts A and B o f  Fig. 2 .2 . The 
s e n s it iv ity  figures are in  general, low, being le s s  than or 
equal to  xanity in  magnitude.
0 C ircu it o f  Fig. 2 .3 : I t  simulates a p a ra lle l R:L:C resonator 
without requiring any matching con stra in ts . The c ir c u it  
employs two OAs and two capacitors  in  the rea liza tion  and 
presents fa ir ly  good f l e x ib i l i t y  in  the design o f R,L and C 
parameters. B ia s-tu n a b ility  o f  L-parameter is  p ossib le . A lso, 
the L-value may be enhanced with the help o f  C- attenuator, 
as indicated  in  Fig, 2 .3 . This w ill  autom atically provide 
additional passive tuning o f  L with and/or C, . The sen si-
3. D
t iv i t y  figu res o f  the c ir c u i t  are, once again, le s s  than or 
equal to  unity in  magnitude.
0 C ircu it o f  Fig. 2 .^  : This is  an a ltern ative  rea liza tion  
fo r  p a ra lle l R:!.;C resonator without requiring any matching- 
con stra in t. The c ir c u i t  uses the same number o f  OAs but one 
le s s e r  cap a citor  in  i t s  re a liza tio n . The reduction in  the 
capacitor count s lig h t ly  lowers the f l e x ib i l i t y  o f  design as 
compared to  the previous resonator. Once again, the c ir c u it
52
enjoys low s e n s it iv ity  and has provision  fo r  L- enhancement. 
The two resonators w il l  find  wide applications in the r e a li ­
zation  o f  f i l t e r s  and o s c il la to r s  in  the subsequent chapters,
0 Ciix^Liit o f Fig. 2.5 : I t  simulates a p a ra lle l combination 
o f  capacitor (C) with a branch having a ser ies  R;L impedance 
function. The expressions fo r  R,. L and C parameters, once 
again, ind icate  a convenient and f le x ib le  design over a 
fa ir ly  wide range. The L-parameter incorporates the features 
o f tu n ab ility  and L-enhancement. The s e n s it iv ity  fig u re s ’ are 
a lso  found to be a ttra c t iv e . I t  may be noted that in  the 
p ra ctica l working o f  the c i r c u i t ,  the inverting terminal o f 
OA^  i s  not getting  dc b ias . The dc-biasing and s ta b i l it y  to 
the c ir c u it  may e a s ily  be ensured by shunting C2 with a high 
-valued re s is to r . This may be p in ch -re s is to r , i f  the c ir c u it ,  
i s  to be rea lized  in  the m onolithic fonn^®,
0 C ircu it o f  F ig, 2 .6  -  I t  re a liz e s  a p a ra lle l combination 
o f  non-ideal ca p a citor  and a non-ideal inductor. The c ir c u it  
uses only two OAs and two cap acitors  and requires no matching 
con stra in ts. Once again, b ia s -tu n a b ility  o f  L-parameters is  
p oss ib le . However, the c i r c u i t  has le s s e r  design f l e x ib i l i t y .  
The se n s it iv ity  figu res are in  general low, being le ss  than 
or equal to  unity in  magnitude.
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2.2 R ealization  and Study o f  Active-C FDNRs and FDNR- 
Based C ircu its
This section  considers an idea l grouded FDNR (D) and 
three d iffe re n t types o f FDNR-based inuni ttance sim ulators.
These c ir c u it s  are rea lized  and studied in  d e ta ils . The 
sa lien t resu lts are given in  the Table 2 .2 , which includes 
the d e ta ils  o f the functions rea lized , the rea lized  component 
values, s e n s it iv ity  fig u re s , and important remarks regarding 
each sim ulator. C r it ica l comments on the c ir c u it s  are 
discussed in  the Section 2 ,2 .1 .
2 .2 .1  Comments on FDNR rea liza tion s  (Table 2 .2 )
In Table 2 .2 , four d if fe re n t  c ir c u it s  rea liz in g  an 
idea l FDNR and three non-ideal FDNR functions are presented.
The d eta ils  o f  c ir c u it  analysis are not included fo r  the sake 
o f  b rev ity . Only the f in a l resu lts  are given. The sa lien t 
features o f  each c ir c u it s  are discussed as fo llow s :
0 C ircu it o f Fig. 2 .7  -  I t  simulates an id ea l FDNR and uses 
three Oas and a cap acitor. Out o f  the three OAs, two am plifiers 
(OA2 and Oa^) are required with matched gain bandwidth products. 
This may be obtained p r a c t ic a lly  by fabrica tin g  the c ir c u i t  in 
the monolithic fonn or by at le a s t  using dual OAs on a ch ip .
The c ir c u it  exh ib its tu n ab ility  o f  D-value with C and B^.
Thus, b ias-vo ltage  con tro l may be employed to  tune the c ir c u it  
without disturbing the con d ition  o f  rea liza tion . The realized  
D-value may be enhanced by a fa c to r , k, by in sertin g  the
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Fig.2-7 O A - C  ideal FDNR  and its equivalent;  
w h en  6 2 = 8 3 .
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Fig .2 .8 P a r a l l e l  C :D  s imu la tor  and i ts equivalent ;  
w h e n  B-|=.B2 .
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F ig .2*9 Ser ies  C'.D s im u la to r  and its equivalent.
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Fig. 2-10 Para l le l  C : (R ->D)  s im u la to r  and its 
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ca p a cit iv e  attenuator o f  Fig. 2 .1 (b ) between points A and B 
o f  the c ir c u it .  The m odified c ir c u i t  a lso  provides additional 
passive tuning with and/or C .^
The s e n s it iv ity  fig u res , S(D ; C, C^), o f  the
c ir c u it  are in general found to be low and le s s e r  than or 
equal to  unity in magnitude (Table 2 .2 ) .  However, the sensi­
t iv i t y  measure (2 .5 )  cannot d ir e c t ly  be applied in  the 
evaluation o f  other a ctive  D -se n s it iv it ie s , v i z . ,  S(D ; B2»B^), 
as and are involved in  the matching condition  fo r  the 
rea liza tion  o f  id ea l FDNR. The requirement o f c r i t i c a l  
matching in B 's makes the c i r c u i t  fa ir ly  sen sitive  to  these 
a ctive  parameters. Any mismatch would then resu lt in  the 
rea liza tion  o f a non-ideal FDNR with p a ra s itic  components.
Such undesirable phenomenon can be obviated to a large extent 
by fabrica tin g  the c i r c u i t  in  the m onolithic version  as d is ­
cussed e a r lie r . A lso, use o f  B -s ta b iliza t io n  c ir c u it s  fo r  
varia tion s in  temperature i s  recommended
0 C ircu it o f  Fig. 2 .8  -  I t  gives a p a ra lle l C:D function and 
uses the same numoer o f  components as the previous c ir c u it .
I t  a lso  requires two OAs with matched gain bandwidth products, 
i . e . ,  B^  = B .^ Independent tuning o f D-value may be obtained 
by b ias-voltage con tro l o f  OA .^ A lso, D-value can be enhanced 
by a fa c to r  k with the help o f  C -attinuator, as described in  
the case of preceding c i r c u i t .  The s e n s it iv ity  figu res .
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S (D j C, B ,, C , C, ) are found to  be a ttra ctiv e .
^  3i D
The requirement o f  c r i t i c a l  matching in  B’ s ; v i z . ,  
and makes the c ir c u it  sen sitive  to  these elements.
Again, such an undesirable phenomenon may be minimized to  a 
large  extent by fabrica tin g  the c ir c u i t  in  the monolithic 
form and using B- s ta b iliz a t io n , as discussed fo r  the e a r lie r  
c ir c u it .
0 C ircu it  o f Fi^. 2.9 -  I t  rea lizes  a se r ie s  C:D function 
and uses only one OA and two cap acitors. The simulator does 
not require matching o f  Bs, as in  e a r lie r  two c ir c u it s . The 
c i r c u i t  enjoys the a ttra ctiv e  features, l ik e ,  having s u f f i ­
c ie n t design f l e x ib i l i t y ,  b ias-vo ltage  tu n a b ility  and low 
s e n s it iv ity . The function  i s  s t i l l  rea lized  i f  the capacitor 
o f  Fig. 2.9 i s  replaced by a short. However, such a reduc­
tion  reduces the design f l e x ib i l i t y  o f  the c ir c u i t .  Note, a 
high-valued r e s is to r  w ill be required across the capacitor 
to  provide the desired dc biasing and s ta b i l it y  to the c ir c u it .
0 C ircu it  o f Fi^. 2 .10 -  I t  simulates a p a ra lle l combination 
o f  cap acitor (C) with an impedance rea liz in g  a series  R;D 
function . No matching constraints are present. The expression 
fo r  C:R:D parameters, once again, in d ica te  a convenient and 
f le x ib le  design over a fa ir ly  wide range. The D-parameter 
incorporates the features o f bias tu n a b ility  and D-enhancement 
with C-attenuator. The se n s it iv ity  figu res are again found to 
be a ttra ctiv e .
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2.3 R ealization  o f  FDNCAPs and FDNCAP-Based C ircu its
The frequency dependent negative capacitance (FDNCAP) 
i s  an unconventional and r e la t iv e ly  le s s e r  known element^^. 
However as has b r ie f ly  been mentioned in  Section 1 .2 , this 
element i s  useful in  the d ir e c t  form approach to  active-C  
synthesis. In the present section , the rea liza tion  and study 
o f  FDNCAP and FDNCAP-based c ir c u it s  are included.
F irst, the c ir c u it  element is  form ally defined. Its  
c i r c u i t  rea liza tion  is  given and c r i t i c a l ly  studied in 
Section  2 .3 .1 . The FDNCAP-based c ir c u its  are realized  and 
subsequently studied in  Sub-section  2 .3 .2 . Comments on the 
important resu lts  o f  the c ir c u it s  are included in  Table 2 .3 .
2 .3 .1  R ealization  and study o f  FDNCAP
The frequency dependent negative capacitance (FENCAP) 
has only b r ie f ly  been mentioned in  Reference 53. This c ir c u it  
element has been found to  be a ttra ctiv e  to  use in the active-C  
approach to  d ire c t  form synthesis. In th is  section , i t  is  
form ally introduced and i t s  OA-C version  i s  studied in  d e ta ils .
The s^-transform ation on a cap acitor (C ), as shown in  
Figure 2.11, y ie ld s  the admittance function
Y (s) = s^F (2 .10)
where, F is  a real p o s it iv e  constant, having the units o f
2 2  ^ 2'Farad . Ohm ( f  . ) . In the j-domain, we get
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Capac i tor F D N C A P
■> o-
s 3 f
F i g . 2-11 F re q u e n c y  t r a n s f o r m a t i o n  app l ied  to 
obtain F D N C A P  f r o m  a c a p a c i t o r .
1 o- 1
Y(s)
T
B r*"Y(s)
1 o- T
=  F
F ig .2-12 Rea l i za t ion  of an O A - C  ideal  F D N C A P  and
i ts  equivalent; when 61=62
.1 M
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Y(jw) = -jw^F (2 .11)
and the circu it-e lem en t c le a r ly  exn ib its  the ch a ra cter istics  
o f  a frequency dependent negative ca p a citor . An active-C  
c ir c u it  fo r  the rea liza tion  o f an idea l FDNCAP is  shown in  
Fig. 2.12. I ts  routine analysis using the f ir s t -p o le  r o l l ­
o f f  model (1 .3 ) o f OA, gives the driving poin t admittance 
function  at port ll" as ;
s^(B,-B„)+s^B, B„+s (Bo-Bt )B,By
Y(s) = sC. - T- - ^ ^ ------  (2 ,12)
s ^  ( Bj_-B2 ) +S ( B^-B^ ) B^ B ^ +£S^ B2B^B^
With matched OAs having, B^  = eqn. (2 .1 2 ) reduces to
Y(s) = s^ ( ----- ) = s^F (2 .13)
where
F = C/B^B^. (2 .14)
Thus, the c ir c u it  simulates an id ea l grounded FDNCAP with the 
con stra in t o f having a p a ir  o f  OAs with matched gain bandwidth 
products. This is  p oss ib le  in  the m onolithic rea liza tion s .
A study o f  the c ir c u it  shows that sim ulator enjoys a 
number o f  a ttra ctive  features. I t  has bias tu n a b ility  with 
B^  and B^. Parameter enhancement is  a lso  p oss ib le  with 
C-attenuator inserted  between a and B o f  the c ir c u i t .  This 
w i l l ,  in  addition, provide extra passive tu n a b ility . The F- 
se n s it iv ity  with respect to C,B^ and B  ^ are equal to  unity in 
magnitude, i . e . ,  lS(F; C, B^, B^)1 = 1. However, as the ideal
sim ulation requires c r i t i c a l  matching in  and se n s it i­
v i t ie s  with respect to  B^  and B^  are high. The se n s it iv ity  
figu res o f  F with respect to  and C^, in  the case o f  F- 
enhancement with C-attenuator, are a lso  found to  be le s s  than 
unity in  magnitude. The sa lie n t  resu lts  o f  the c ir c u it  are 
summarized in the Table 2 .3 .
2 .3 .2  R ealization  and study o f  FDNCAP-based c ir c u its
In th is  section , three FENCAP-based c ir c u it s  have been 
rea lized  and studied. The sa lien t resu lts  on these c ir c u its  
are included in the Table 2 .3 , and c r i t i c a l  comments on the 
rea liza tion s  are considered below.
0 C ircu it o f  F is. 2.13 -  I t  simulates a ser ies  C:F circ\xLt and 
uses only two OAs and two ca p acitors. The c ir c u i t  does not 
require any matching con stra in t. The sim ulator enjoys the 
a ttra ctiv e  feature o f  having s u f f ic ie n t  design f l e x ib i l i t y  
o f  parameters, independent b ia s -co n tro l o f  F, F-enhancement 
with C-attenuator and low s e n s it iv ity  fig u res , which are le s s  
or equal to unity in magnitude.
0 C ircu it o f  F Lr . 2 .14 -  I t  rea lizes  a series  combination o f 
C;D:F c ir c u it  and uses two OAs and three cap acitors. The 
c ir c u it  does not impose any matching con stra in ts in  i t s  r e a l i ­
zation . I t  exh ib its independent b ia s -tu n a b ility  o f  D and F 
parameters. The F-enhancement is  a lso  p ossib le  with C- 
attenuator, as in the e a r lie r  case. Once again, the c ir c u it  
enjoys a ttra ctiv e  s e n s it iv ity  figu res , as is  evident from the
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Flg. 2.13 Ser ie s  C : F  s i m u l a t o r  and its equivalent.
1
o
Z(s)
B
= >  Z(s)
i C e  
i  D
1'
i p
Fig.2.U S e r ie s  C'.D'.P s i m u la t o r  and  i ts  equivalent.
1
Z(s)
Cl C 2 
i h —
Hf
Ce
Z ( s ) o r i p  
jT
Fig. 2J5  S e r i e s  C : ( D 1 ! F )  s i m u l a t o r  and  i t s -  
equ iv len t .
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Table 2 .3 . Note, the inverting tenninal o f  OA^  lacks dc 
b ia s , fo r  which a high-valued r e s is to r  may be connected across 
ca p a citor  C .^
0 Circxiit o f  Fig. 2.13 -  I t  gives a ser ies  combination o f 
ca p a citor  (C) with a p a ra lle l D: F impedance function . I t  
uses two OAs, four capacitors ana requires no matching const­
ra in ts in  the rea liza tion . The D and F parameters are tunable 
with b ia s -co n tro l. The s e n s it iv ity  figu res  are once again 
found to  be a ttra ctiv e .
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2 .4  K ealization o f  Some Special Immittance Functions
This section  deals with the rea liza tion  o f  some specia l 
types o f  functions. The OA-C c ir c u it s  rea liz in g  these in teres­
ting  functions, along with, th e ir  equivalents are shown in 
Figs. 2.15 through 2.24. The immittance functions, their 
rea lized  component values, s e n s it iv ity  figu res and c r i t i c a l  
remarks are given in Table 2 .4 . The tab le  includes the r e a li ­
zation  o f  OA-C p o s it iv e  and negative r e s is to r s , negative 
ca p a citors , and negative FDNR (a ls o  ca lle d  the frequency 
dependent p o s it iv e  re s is to r , FDPR), besides the rea liza tion  o f 
some complex unconventional functions. The important features 
o f  each c ir c u it  are c r i t i c a l l y  studied and discussed as fo llow s.
2 .4 .1  Comments on the rea liza tion s  o f  Table 2 .4
In Table 2 .4 , nine OA-C c ir c u it s  are given, which 
re a liz e  id ea l and non-ideal p o s it iv e  and negative re s is to rs , 
idea l FDPR and non-ideal negative ca p a citor , besides some 
complex and unconventional functions. The c ir c u its  are 
studied and s p e c if ic  comments on each c ir c u it  are given.
0 C ircu it o f  Fig. 2 .1 6 -  I t  rea lizes  an idea l r e s is to r  and 
requires two pairs o f  matched Oas (w ith and B^  = 3^),
and a cap acitor. Note, the c ir c u it  can a lso  re a liz e  a 
negative ideal r e s is to r  (-R ) o f  the same magnitude by simply 
interchanging the input terminals o f  the ind ividual am plifiers, 
Oa  ^ and OA .^ This c i r c u i t  possesses the tuning f a c i l i t y  with 
the b ias-vo ltage  co n tro l. The passive s e n s it iv ity , S(R; C)= -1 .
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Fig. 2.16 Ideal O A - C  res i s tor  and  i t s  equivalent;  
w h e n  6 -1= 8  ^ a nd  6 2= 6 3 .
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F ig .2.18 Para l le l  R -C  s imu la tor  and  i t s  equ iva lent .
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Fig. 2-19 P a r a l l e l “ R--L:C s i m u l a t o r  and  i t s  equivalent.
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Fig. 2-21 Para l le l  C* ( -R -»“D) s im u la t o r  a n d  equivalent,  
t — ► s tand  ^or ser ie s  combinat ion.
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However, the a ctive  s e n s it iv it ie s  S(R; B^), cannot d ire c t ly  
be evaluated, a s  Bi ( i  = 1 to 4) are involved in  the matching- 
conditions fo r  the re a liza tio n . This makes the c ir c u it  
highly sen sitive  to  a ctive  parameter va ria tion s . I t  may be 
obviated to some extent by fa b rica tin g  the c ir c u i t  in  the 
m onolithic form, as discussed previously .
0 C ircu it o f  Fig. 2.17 -  I t  simulates an id ea l negative FDNR 
(-D ) function , which w ill  henceforth be referred  to  as the 
frequency dependent p o s it iv e  r e s is to r  ( FDPR). The c ir c u it  
uses three OAs and a capacitor. Out o f the three OAs, a pair 
i s  required with matched gain bandwidth p r o d u c t s ,i .e . , = 82-
The c i r c u i t  possesses the a ttra ctiv e  features o f  e le ctron ic
tu n a b ility  and FDPR-enhancement with C-attenuator. The sensi­
t iv i t y  measures, S(D; C, B^) are found to  be unity in  magnitude. 
However, the c ir c u i t  is  sen sitive  to B  ^ and B^  as these are 
involved in  the matching con d ition . The remedy to  the problem
is  the same as suggested e a r lie r ,
0 C ircu it o f Fig. 2.18 -  I t  re a liz e s  a p a ra lle l R;C function 
and uses only an OA and a ca p acitor. The re a liza tio n  imposes 
no matching con stra in t. The c irc io it  a lso  rea liz e s  a p a ra lle l 
-R:C function  simply by interchanging the input terminals o f 
the OA ; the component values remaining the same. The 
rea lized  parameter (R) can independently be tuned with the 
b ia s -co n tro l. The c ir c u it  a lso  enjoys a ttra ctiv e  s e n s it iv ity  
measures ; being le s s  than or equal to unity in  magnitude.
78
0 C irc ijlt  o f  Fig. 2.19 -  I t  provides a negative resistance 
(-R ) in  shunt with p a ra lle l L;C tuned c i r c u i t  and requires 
two Oas and two capacitors. Once again, no component 
matching is  required. The c ir c u it  enjoys tuning o f -R and L 
parameters with b ias-vo ltage  con tro l. The L-enhanceraent with 
C -attenuator i s  a lso  p oss ib le . The c i r c u i t  exh ib its s u f f i ­
c ie n t  design f l e x ib i l i t y  and enjoys a ttra ctiv e  se n s it iv ity  
figu res .
0 C ircu it o f  Fig. 2.20 -  I t  sim ulates, without matching cons­
tra in ts , a C||(-R -  L )-fu n ction  with two OAs and three capa­
c i t o r s .  The c ir c u it  presents s u ff ic ie n t  design f l e x ib i l i t y  
and enjoys e lectron ic  tuning o f  -R and with the b ia s -co n tro l. 
In th is  case, -R enhancement with C-attenuator is  possib le .
The sen siv ity  expressions from the table are seen to  be less  
than or equal to  unity in  magnitude. Note, as in case o f 
c ir c u it  o f  Fig. 2.5» a high-valued r e s is to r  across C2 is  
required to  provide dc bias and s ta b i l it y  to  the c ir c u it .
0 C ircu it  o f  F ig .2.21 -  I t  rea liz e s  a C| 1(-R -* D )-function  
with two OAs and a cap acitor, without any matching constraints. 
Once again, the parameters -R and D may be tuned with the bias- 
voltage con tro l. D-enhancement is  p ossib le  with C-attenuator, 
as in e a r lie r  cases. The c ir c u it  a lso  exh ib its  a ttra ctive  
s e n s it iv ity  performance, as i s  evident from the table .
0 C ircu it  o f  Fig. 2.22 -  The c ir c u it  re a liz e s  a non-ideal 
negative capacitor, i . e . ,  a p a ra lle l C|1(R -  -C )-fu n ction .
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I t  uses an OA and three capacitors without matching cons­
tra in ts . The c ir c u it  presents s u f f ic ie n t  design f l e x ib i l i t y  
and possesses low s e n s it iv ity  figu res , being le s s  than or 
equal to  unity in magnitude. Note, as in  case o f  c ir c u it  o f 
Fig. 2 .19, a high-valued r e s is to r  across C2 i s  required to  
provide dc b ias at the non-inverting terminal o f OA.
0 C ircu it o f  Fig. 2.23 -  The c ir c u it  simulates the complex 
p a ra lle l equivalent re a liza tio n , as shown in  Fig. 2 .21. I t  
uses two OAs and three cap a citors , without requiring component 
matching con stra in ts. The parameters, R and D, may be tuned 
with the b ias-vo ltage  con tro l. D-enhancement is  p ossib le  
with C-attenuator. The s e n s it iv ity  figu res  are low, being 
le s s  than or equal to  unity in  magnitude. As in  e a r lie r  case, 
a high-valued r e s is to r  i s  required across to  provide dc
bias and s ta b il ity  to  the c i r c u i t .
0 C ircu it  o f  Fig. 2 .24 -  I t  simulates a series  combination o f 
C;-D;F function  with two OAs and three cap a citors , without 
requiring matching con stra in ts . Once again, the c ir c u it  
enjoys tuning f a c i l i t y  fo r  the parameters -D and F with b ia s - 
voltage con tro l. A lso, a ttra ctive  s e n s it iv ity  performance 
is  present. F-enhancement with C-at-cenuator is  p ossib le  with­
out a ffe ctin g  the se n s it iv ity  performance. The c ir c u it  
requires a high-valued r e s is to r  across C^  to provide dc bias 
and s ta b il ity .
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2.5 R ealization  o f Floating Components
A number o f available techniques fo r  the simiiLation
o f  f lo a tin g  immittances make use o f a corresponding grounded
27,52
imraittance sim ulator (GIS). ’ A basic bu ild ing block (BBB) is  
rea lized  from the grounded immittance sim ulator by pulling 
out the grounded tenninal. A proper interconnection between 
two such id en tica l BBB’ s y ie ld s  the desired  floa tin g  
imraittance sim ulator (FIS). Three techniques, based on the 
appropriate interconnection  o f  the two id e n tica l basic b locks, 
which have widely been used in  the re a liza tio n  o f  floa tin g  
immittances are :
27i )  Back-to-Back Cascade technique ;
COi i )  Back-to-Back P ara lle l technique ; and
5 ^i i i )  Modified Back-to-Back technique .
The rea lized  flo a tin g  immittance simixLator i s  characterized 
by sim ilar performance figu res as those o f  the grounded 
immittance sim ulator from which i t  has been derived. Such 
flo a tin g  rea liza tion s  generally  s u ffe r  from ( i )  the use o f 
excessive a ctive  and passive components, which are approxi­
mately doubled, ( i i )  the requirement o f  matching o f  correspon­
ding parameters in the two BBB’ s used in  the re a liza tio n ,
( i i i )  in fe r io r  high-frequency performance, as compared to  the 
grounded version . In view o f  the above mentioned draw-backs, 
the rea liza tion  o f the floa tin g  active-C  immittance simulator 
i s  not considered in d eta ils  in  th is  d isse rta tio n . The
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techniques fo r  active-C  d ire c t  form synthesis, described
in  Chapter 5, shall mainly make use o f the grounded immittance
sim ulators.
The three techniques mentioned above are general and 
may be used in the rea liza tion  o f  f lo a tin g  OA-C immittance 
sim ulators. A number o f GIS mentioned in Tables 2.1 to  2 .4  
have been found su itab le  as BBS’ s in  the rea liza tion  o f FIS, 
using the mentioned techniques. For the sake o f completeness 
in th is  section , we shall consider only one example o f  r e a li ­
zation  o f  FIS from a corresponding GIS, as the basic building 
b lock .
The rea liza tion  o f  flo a tin g  p a ra lle l LC-simulator is
52described , using the Back-to-Back p a ra lle l technique . The 
BBB fo r  the rea liza tion  is  shown in  Fig. 2.2i? (a ) ,  which has 
been obtained by ungrounding the non-inverting terminal o f 
OA^  ^ o f  the grounded LC sim ulator o f Fig. 2 .2  (Table 2 .1 ) .
The FIS is  rea lized  by interconnecting the two id en tica l BBB's 
in a back-to-back p a ra lle l manner, as shown in Fig. 2 .2 5 (b ). 
Routine analysis of the c ir c u i t  y ie ld s  the admittance matrix as :
sC(i+-A^Ap) - sCA^A2 
- sC 'a'^ A2 sC'd+A'^A^)
(2 .1 5 )
Use o f id en tica l BBB’ s with : C = c \  A^  = A^  , A2 = and 
tne open-loop gains given by, Ai = B i/s , s im plify  (2 .15 ) to ;
o-
+
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(a)
^ U N G RO U N D ED  
TO FORM B B B
h
V1
(b) 
Le
Ce
-o
V2
(C)
F i g .2-25 (a) B a s i c  build ing b lo c k  obta ined  fronn 
GIS  of Fig.2-2.
(b) P a r a l l e l  I'.C f l o a t i n g  imnnittance  
sinnulator w i th  b a c k - t o - b a c k  pa ra l le l  
technique.
(c) E q u i v a le n t  of F I S  of F i g . 2 . 2 ^ ( b )
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B,B„C 
[YJ = (sC + ) (2.16)
2 s +
In the working frequency range o f  OA-C networks, where the 
working frequency (w) is  only a small fra ct io n  o f  B, eqn. 
( 2 . 16 ) reduces to
sLe -1
-1
1
(2 .17 )
15This s a t is f ie s  the condition  fo r  flo a tin g  components , v i z . ,  
y^ j^  = Y22 = ~ y i2 ~ "^21 ’ some frequency re s tr ic t io n s .
Thus, the c ir c u it  o f Fig. 2.25(t>) re a liz e s  the OA-C version  
o f  the floa tin g  p a ra lle l L;C immittance sim iilator, whose 
eqxiivalent is  shown in  Fig. 2 .2 5 (c ) . The rea lized  parameter 
values are given by
Ce = C, and Le = 1/(B^B2C). (2 .18 )
These are found to  be id e n tica l to  those o f  the corresponding 
grounded simulator from which the c ir c u i t  has been derived.
An in terestin g  point to  note i s  that in  certa in  cases 
the same GIS, on application  o f  a d if fe r e n t  technique, may 
provide an a lternative re a liza tio n  o f  a FIS. For example, 
ap p lica tion  o f  modified back-to-back method on the L:C simu­
la to r  o f  Fig. 2.2 may a lso  re a liz e  the flo a t in g  version o f 
the immittance function . This re a liza tio n  o f  the floa tin g  L:C
Vi
T
V2
Fig. 2.26 P a r a l l e l  L :C  F I S  w i t h  modif ied  
back to b a c k  m e t h o d .
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sim ulator i s  shovm in Fig. 2 .26 . The rea liza tion  only 
requires the id en tica l BBS’ s on the two s ides o f  the dotted 
l in e  and rea lizes  the same parameter values as those given 
in  (2 .1 8 ).
This example a lso  i l lu s tr a te s  the general draw-back 
o f  flo a tin g  simulators mentioned e a r lie r , i . e . ,  ( i )  the FIS 
uses p ra c t ica lly  double the number o f  elements used in  the 
corresponding GIS, ( i i )  matching con stra in ts e x is t , which 
may be s a t is fie d  p ra c t ica lly  only i f  the c ir c u i t  is  rea lized  
in  m onolithic form and ( i i i )  frequency lim ita tion s  are 
present.
2 .6  Concluding Remarks
In th is chapter, grounded sim ulation o f some important 
types o f immittance functions are given and studied with the 
basic ob jective  o f  using them in  Chapters 5 and 5 , respectively  
fo r  the rea liza tion  o f  MOS-compatible f i l t e r s  and o s c il la to r s , 
employing the d ire ct  form synthesis techniques. The simulators 
may a lso  be used in the rea liza tion  o f  : ( i )  some unconven­
tion a l functions and ( i i )  in  the convenient rea liza tion  o f 
large-valued  components. In general, i t  has been observed 
that the OA-C c ir c u its  o f  non-ideal grounded immittances have 
the a ttra ctive  features o f  low a ctive  and passive component 
coi-int and fa ir ly  low s e n s it iv it ie s . In addition , the rea liza ­
tion s have convenient design over wide parameter values and
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p rov ision  o f active  and passive tuning. B ias-voltage 
tu n a b ility  and parameter enhancement are a lso  present in  
most o f  the c ir c u its  considered in the chapter. An important 
poin t to  note is  that though a s e n s it iv ity  figu re  around 
unity ( in  magnitude) i s  taken to  be a ttra c t ice  fo r  passive 
va ria tion s . Such a value may pose problems fo r  a ctive  para­
meters, due to  the high v a r ia b il ity  o f  B*s with temperature. 
Therefore, the c ir c u it s  may become fa ir ly  sen sitive  to 
v a ria tion s  in  the gain bandwidth products (B) o f OAs, parti­
cu la r ly  under the changing environmental con dition s. In the 
p ra ctica l applications o f  active-C  c ir c u it s ,  i t  is  therefore 
recommended to use stable power supply and to  employ suitable 
B -s ta b iliza t io n  fo r  the operational am plifiers .
I t  nas a lso  been observed that generally  the simulation 
o f  id ea l grounded immittances and the simiolations o f floa tin g  
immittances su ffe r  from the requirements o f  : ( i )  large  active  
and passive component count and ( i i )  stringent matching condi­
tion s . In certa in  cases, the frequency range o f rea liza tion  
is  a lso  lim ited , p a rticu la r ly  fo r  flo a tin g  immittances. 
However, as w ill  be shown in  the subsequent chapter, these 
considerations do not pose serious problems in  the active-C  
d ir e c t  form synthesis o f  f i l t e r s  and o s c i l la to r s , where 
gen era lly , the non-ideal grounded immittance simixLators w ill 
be used in the rea liza tion s  o f  MOS-compatible f i l t e r s  and 
o s c i l la to r s .
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In th is  chapter, the experimental v e r if ic a t io n s  on 
component simulators are not included. This aspect shall be 
considered in the next chapter.
C H A P T E R  3 
OA-C FILTERS ; DIRECT FORM SYNTHESIS^
3 .0  Introduction
This chapter i s  concerned with the rea liza tion  o f
second- and higher-order OA-C f i l t e r s ,  using the d irect form
synthesis approach. This synthesis technique should be such
that i t  rea lizes  the fin a l network in  the form su itab le  fo r
the m icrom iniaturization in  the MOS technology^®’ ^ .  This
im plies that the c ir c u its  should contain only the active
dev ice , v i z . ,  operational a m p lifiers , and capacitors in  th e ir  
70-7^rea liza tion s  . Moreover, a l l  the important parameters o f
the network should be a function  o f  ratioed-C s.
Three techniques are proposed here fo r  such a purpose 
and are c r i t i c a l ly  studied. These are ;
i )  L-Based Approach to  OA-C synthesis ;
i i )  FDNR-3ased Approach to  OA-C s)Tithesis ; and
i i i )  FDNCAP-Based Approach to  OA-C synthesis.
In any d irect form synthesis technique, the startin g  point is 
the passive RLC-prototype network, whose elements are to be 
rea lized  in  a manner so that the fin a l rea liza tion  contains 
only those elements, which are su itab le  fo r  convenient micro­
m iniaturization. In the present case, only the OAs and Cs
t The material presented in  th is  chapter has led  to  the 
publications o f  the author’ s paper no. 3, and k  l is te d  on 
page v ii .
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are permitted in  the f in a l re a liza tio n s . The r e s tr ic t io n  
on the use o f  only OAs and capacitors requires the simulation 
o f  two d iffe re n t  types o f c ir c u it  elements in  each o f the 
three proposed techniques. The a p p lica tion  o f  a particu lar 
technique w il l  la rge ly  depend upon the con figu ration  o f the 
prototype. Each technique w ill  be discussed in  d e ta ils  in  
the subsequent section . Here we only present th e ir  ou tlin es.
0 In the L-based Approach to  Oa-C Synthesis, the R and L 
elements are simulated and d ir e c t ly  substituted  in the proto­
type to  give an equivalent rea liza tio n  in  the OA-C form.
0 In the FDNR-based Approach to  OA-C Synthesis, the admittance 
o f  the prototype network (N) i s  f i r s t  scaled by the complex- 
frequency v a r ia b le (s ) to  give the transformed network (N ^ .
The transformation resu lts in  converting an RLC-network in to  
a corresponding CRD-network^^. The f in a l  rea liza tion  is  
then obtained by simulating the R and D elements by the OA-C 
sim ulators. I t  may be noted that the transform ation does not 
a f fe c t  the tran sfer  fm c t io n  o f  the networic.
0 In the Fl^CAP-based Approach to  OA-C Synthesis, the admitt­
ance o f  the prototype RLC-network (N) are scaled  by the func­
tio n , s^, to give a corresponding CDF-network (N^ )^, without 
a ffe ctin g  the transfer function . The fin a l rea liza tion  b o ils  
down to the simulation o f D and F elements in  the OA-C form.
For a l l  the three techniques, the OA-C sim ulators,
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already studied in  Chapter 2, are used. As the simulation 
o f  two d iffe re n t  type o f  elements gen era lly  requires a 
large count o f a ctive  and passive components, methods are 
a lso  suggested fo r  the optim ization o f  component count.
The three approaches are c r i t i c a l l y  studied fo r  the 
re a liz a tio n  o f second-order and h igher-order f i l t e r s ,  res­
p e ctiv e ly  in  Sections 3 .1 , 3.2 and 3 .3 . Suggestions fo r 'th e  
optim ization  o f  component count and s u ita b il ity  o f  structures 
fo r  a p a rticu la r  technique are c le a r ly  examined. In Section 
3 .^ , experimental resu lts  on some c ir c u it s  are included. The 
concluding remarks are given in  Section  3 .5 .
3.1 FDNR-Based Approach to  OA-C F ilt e r  R ealizations
In the Frequency Dependent Negative Resistance (FDNR)- 
based approach to  OA-C synthesis, the passive RLC prototype 
c i r c u i t  describing the tran sfer  function  i s  f i r s t  transformed 
in to  an equivalent network by sca lin g  each admittance o f the 
o r ig in a l network (N) by the com p lex -va ria b le (s ), as shown in  
Fig. 3 .1 . The new network (N^) i s  obtained by converting a 
re s is to r  to  a ca p a citor , an inductor to  a r e s is to r  and a 
ca p a citor  to a frequency dependent negative resistance element^^. 
The FES^ R has an impedance o f  the form, 1 /s  D, where D is  para­
meter o f  the element with the units o f  square farad-ohm 
( f  , ) .  Thus, the RLC-network (N) is  converted to a CRD- 
netwoiic (N^  ) without a ffe c t in g  i t s  tra n sfer  function  and the
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synthesis problem b a s ica lly  becomes that o f  the rea liza tion  
o f  re s is to rs  and FDNRs in  the OA-C form.
I t  may be noted that in  th is  technique, the fin a l net­
work rea liza tion  requires the sim ulation o f  two d iffe re n t 
types o f  c ir c u it  element, v iz . , FDNRs and Rs. This can be 
achieved by e ith er replacing each component by i t s  idea l Oa-C 
immittance simulator or by replacing a set o f  components by 
the equivalent non-ideal OA-C component sim ulators. Generally 
the c le v e r  use o f  the second approach proves out to  be more 
a ttra ctiv e  from the considerations o f  minimizing active  and 
passive componenxs and in the rea liza tion s  having a ttra ctive  
s e n s it iv ity  properties.
In th is  section , the FDNR- based technique is  used fo r  
the rea liza tion  o f  ( i )  standard second-order OA-C f i l t e r s  and 
( i i )  h igher-order OA-C f i l t e r s .  In Section  a standard
second-order OA-C band-pass f i l t e r  is  rea lized  by employing 
id ea l FDNR sim ulator. This i s  follow ed by the rea liza tion s  
o f  standard second-order OA-C band-elemination and a ll-p a ss  
f i l t e r s  using the non-ideal FEWR-based component sim ulators. 
The advantages associated  with the use o f  non-ideal simulators 
are c le a r ly  demonstrated. The technique is  a lso  employed in 
Section  3 .1 .3  in  the rea liza tion  o f  h igher-order f i l t e r .
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3 .1 .1  R ealization  o f  a second-order sections with ideal
FDNR-simulator
The importance o f standard second-order f i l t e r  sections 
in  a ctive  synthesis hardly needs any elaboration . In Sections
3 .1 .1  and 3 .1 .2  the rea liza tion  o f  second-order f i l t e r s ,  using 
the FDNR-based approach, is  demonstrated. These employ the 
FDNR-based sim ulator o f  Table 2 .2 .
The rea liza tion  o f  a second-order band-pass f i l t e r  is  
f i r s t  demonstrated by employing an id ea l FDNR simulator. 
Consider the passive prototype second-order band-pass (BP) 
f i l t e r ,  shown in  Fig. 3 .2 (a ) . I ts  sca lin g  by the complex 
frequency ' s ’ leads to the FDNR-based version , shovm in  Fig.
3.2 (b ) .  For the fin a l rea liza tio n  o f  the BP f i l t e r  in  the 
OA-C form, the elements in  the shunx arm are to be replaced 
by the appropriate component sim ulators. In th is  case,the 
id ea l FDNR is  replaced by the id ea l OA-C FDNR sim ulator o f 
Fig. 2 .7  and R;C shunt-br^nch is  replaced by the immittance 
sim ulator o f  Fig. 2 .18. The complete rea liza tion  is  shown 
in  Fig. 3 . 2( c ) t .  D irect analysis o f  the c ir c u it ,  y ie ld s  the 
tra n sfer  function  as :
w w
^  )S H, „ ( t~ )s  
 ^ ° = _&E_9-----  (3 .1 )
'’ P s ^ + (^ )s t  w 2 D(s)
As an a ltern ative , the resistance o f  the shunt branch may be 
replaced by id ea l R-sim ulator o f  Fig. 2 .16. This however 
requires matching con stra in t and large  component count.
9^
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Fig. 3-2 (a) Pass ive  RLC prototype band-pass  filter (BPF).
(b) F D N R -v e r s i o n  of prototype BPF.
(c) O A — C version of F i g .3 -2 (b ) .
(d) C - M O S  inverter.
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where, and Q are, re sp e ctiv e ly , the mid-band gain,
the pole-frequency and the pole-Q  o f the BP f i l t e r ,  having 
the follow ing relationsh ips :
C-.C, 1 /2
]
^  o l ° °  ^
and
C, B„ C ,. 1 /2
Q = ^  j (3 .2 )
^ol C^. Cj
where, ^k* output has not been taken at
the output terminal o f  an OA, the response w il l  be load 
sen s itiv e . In order to  obviate th is  problem, i t  is  recommen­
ded to  use a b u ffer  stage con situ ted  by C-MOS inverter 
shown in  Fig. 3 .2 (d ). An important poin t to  be noted is  that 
the derived c ir c u it  may provide, in  add ition , other 
standard responses at the outputs o f the OAs employed in 
the rea liza tion . For example, the BPF o f  Fig. 3 .2 (c )  rea lizes  
standard second-order low pass response at the output o f  OA ,^ 
with the tran sfer function  given by
T, (s )  = ^  " ° -  (3 .5 )
V. D(s)
where, the low pass gain
= (5 .4 )
From (5 .2 ) to  (3 .^ ) i t  is  seen that a l l  the f i l t e r  para­
meters are in  terms o f  capacitors r a t io s , which is  a highly
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desirab le  feature fo r  the implementation o f  the c ir c u it  
in  MOS-technology^^"^^. The c i r c u i t  possesses independent 
tuning o f the pole-frequency by b ia s-vo lta ge  con tro l.
The pole-Q  is  independently tunable by cap acitor C^, without 
disturbing the pole-frequency.
The s e n s it iv ity  study o f  the f i l t e r  was a lso  carried  
out. I t  yielded  the s e n s it iv ity  figu res o f f i l t e r  parameters 
o f  in te re s t , as given in  Table 3 .1 . The ejqiressions c le a r ly  
demonstrate the s e n s it iv ity  figu res  to  be a ttra ctiv e , being 
no more than unity in magnitude. However, i t  may be reca lled  
that the rea liza tion  o f id ea l FDNR sim ulator i t s e l f  requires 
c r i t i c a l  component matching in  Bs, i . e . ,  = B^. This i n -
turn makes the overa ll re a liz a tio n  fa ir ly  sen sitive  to  B2 and 
B^, which is  not evident from Table 3 .1 .
The study o f  the section  demonstrates how a second-order 
OA-C f i l t e r  may be rea lized  using id ea l FDNR sim ulator. The 
problem associated with the use o f  id ea l FDNR are ; ( i )  the 
c ir c u it s  normally tend to  require a higher component count.
The present c ir c u it  uses fou r OAs, f iv e  capacitors and a b u ffer  
and ( i i )  the idea l sim ulator requires matching o f  components 
fo r  i t s  rea liza tion , making the overa ll c ir c u it  sen sitive  to 
such parameters.
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3 .1 .2  R ealization  o f  second-order section s with non-ideal
FDNR simulators
The section  demonstrates the a ttra ctiv e  features o f 
f i l t e r  rea liza tion  using the non-ideal FDNR sim ulators. The 
rea liza tion  o f  two standard second-order f i l t e r s  are consi­
dered as examples, v i z . ,  band-elemination (BE), and a ll-pass 
( aP) f i l t e r s .  The d eta ils  o f  the rea liza tion  and study of 
these f i l t e r s  are discussed as fo llow s ;
0 Band elemination f i l t e r  -  The prototype second-order band- 
elemination f i l t e r  is  shown in  Fig. 3 .3 (a ) and i t s  transformed 
FDNR version  is  given in  Fig. 3 .3 (b ) . To rea lize  i t  in  the 
OA-C form, the shunt brancn is  to  be simulated. The non-ideal 
FDNR sim iilator o f Fig. 2 .10 has been used in  the d ire ct  simu­
la t io n  o f  the entire shunt arm (shown within the dotted lin e s ) 
o f  the transformed network. The f in a l  rea liza tion  o f the BE 
f i l t e r  in  the OA-C form i s  shown in  Fig. 3 .3 (c ) .  The analysis 
o f  the c ir c u it  y ie ld s  the tran sfer function  as :
It, (s )  =  ^ ° 3 = (3 .5 )
where
and
C2 1/2
^be  ^ ^o^^ol * '^o  ^ '^ n  ^ (%B2.
Cn 1/2
Q = (1 + ^  )■( -^  . - ^  ) (3 .6 )
1 \  ^23
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(c) O A - C  vers ion of B E F  of Fig 3.3 (b)
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Note, once again the f i l t e r  parameters o f in te re st  are having 
the a ttra ctiv e  feature o f  being in  the form o f  ca p a citor- 
ra t io s . The c ir c u it  enjoys the m ultifunctional ca p a b ility  
and provides two additional standard responses o f  band-pass 
(bp) and low-pass (LP) at the outputs o f OA^  and OA2 , respec­
t iv e ly . The tran sfer function  o f  the BP and LP f i l t e r s  are :
D(s)
and
T (s )  = ^  = J ^ _ 2 _  (3 .3 )
D(s)
where, the respective f i l t e r s  gain are given by
Hbp = , and I .^p (3 .9 )
^ol
These are a lso  in  the form o f C -ra tios . Obviously, the e^qare-
ssions f o r  the w and Q remain lanaltered fo r  the additionalo
responses.
The c ir c u it  possesses independent b ia s -vo lta ge  tuning 
o f  pole-frequency w^  (= w^ )^. A lso, independent passive tuning 
o f  pole-Q  is  p ossib le  with and/or C^. The se n s it iv ity  
figu res o f  the c ir c u it  were derived out and the f in a l resu lts  
are included in  Table 3 .2 . I t  i s  seen that a ctive  and passive 
s e n s it iv it ie s  are, once again, w ithin unity in  magnitude. Note,
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high-valued re s is to rs  are required across cap acitors, 
and C^, to  provide dc biasing to  the inverting-term inals 
o f  the OAs.
0 A ll-pass f i l t e r  -  The second-order prototype o f an a ll-pass  
( aP) f i l t e r  i s  shown in  Fig. 3-M a) and i t s  transformed ver­
sion  is  given in  Fig. 3 .M h ). For the OA-C re a liza tio n , the 
complete shunt arm, shown within the dotted l in e s , may be 
simulated by d ire c t ly  using the non-ideal FDNR-simulator o f 
Fig. 2 . 3 .  The fin a l OA-C version  o f  the f i l t e r  is  given in 
Fig. 3 .4 ( c ) .  The use o f  non-ideal (FDNR) resu lts in  an appre­
c ia b le  optim ization o f  a ctive  and passive components. Analysis 
o f  the f i l t e r  y ie ld s  the tra n sfer  function  :
where.
^o S  ^4
a p p ' o  o 1 2 p p 
'"ol ^23 ^45
and the AP-response is  rea lized  by sa tis fy in g  the component
con dition  ;
C C 1 C
a-, = b. = - ^  , when -2 -=  -  ( - 1 - 1 ) .  (3 .11 )
r* p r^23 ^1 ^2
This con dition  can conveniently be s a t is f ie d , p articu la rly  i f  
the c ircx iit  is  implemented in  m onolithic form in  the MOS 
technology. As in e a r lie r  case, the c ir c u i t  has m ultifunctional
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ca p a b ility  and provides add ition al standard second-order BP 
and LP responses simuiltaneously at the outputs o f  OA^  and 
0A2 » respective ly . The various pertinent parameters o f LP 
and BP responses are given by ;
Hip = f  - V  “ -  r  ■^ol ^1
C. C, 1/2
= (B,B^. ^  ) . (3 .12 )
and
Co B? C, C, 1 /2
U = 2( 1+ ~  ) . ( 5 . 12 )
Cl B^  C25
Once again, the f i l t e r  parameters have the a ttra ctive  feature 
o f  being in  terms o f  C -ra tios . The s e n s it iv ity  figu res fo r  
various f i l t e r  parameters with respect to  the active  and 
passive eleraenxs are analysed and the f in a l resu lts  included 
in  Table 5 .3 . The tab le  shows that the c ir c u it  enjoys a ttrac­
t iv e  s e n s it iv ity  performance, being le s s  than or equal to 
unity in magnitude. The c i r c u i t  a lso  enjoys independent 
e lectron ic  tuning o f  pole-frequency. This f i l t e r  can rea lize  
high-Q values due to the additional m u ltip lica tion  factor^ 
(1+C^/Ci), involved in  the expression o f  (A. To provide the 
dc bias at the inverting-inputs o f  both the OAs, high-valued 
re s is to rs  are required across the capacitors and C^’.
I t  i s  important to note that both the c ir c u it s , realized  
with the non-ideal based sim ulators, have very a ttractive
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s e n s it iv ity  properties. In addition^they normally do not 
require component matching in  th e ir  realizations'* ’ , and 
th e ir  to ta l active  and passive components are considerably 
lower. This i l lu s tr a te s  that, whenever p o ss ib le , c lever 
use o f  non-ideal simulators should be made in  the rea liza ­
tion  of networks based on the FDNR approach.
3 . 1 .3  Realization o f h igher-order ladders
Higher-order f i l t e r s  are frequently rea lized  in the 
form o f ladder structures^^’ ^ ^ I n  th is  section , the FDNR 
based approach i s  applied to  the active-C  rea liza tion  o f an 
n -th  order a ll -p o le  ladder. The voltage tran sfer function  of 
the LC ladder, shown in  Fig. 3.5 (a ) ,  i s  given by
K bo
T ( s ) = - j --------------^ --------------------------  (3 .13 )
s + b_ T s + . . .  + bTS+bo n-1 1
where, bo, b  ^ —  , b^_^ and K are the appropriately choosen 
constants, depending upon the f i l t e r  ch a ra cte r is t ics . Low- 
pass f i l t e r s ,  l ik e , Butterworth, Chebyshev, e t c . ,  have tran sfer 
functions o f th is  type, d if fe r in g  only in  the choice  o f  the 
c o e f f ic ie n ts .  The LC-ladder may be rea lized  in  the OA-C form 
by using idea l floa tin g  inductance sim ulators, along with 
grounded passive Cs. This i s ,  however, not a ttra ctiv e  from
The C-matching in the AP-case has been imposed by the 
basic structure from which the A P -filte r  is  rea lized .
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Fig. 3-5 (a) n t h -o rd e r  prototype LC l o w - p a s s  ladder.
(b) F D N R -ve r s io n  of the prototype l o w - p a s s  
ladder.
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the consideration  o f  p ra ctica l implementation o f  the c ir c u it .  
The id ea l floa tin g  Ls require a la rge  count o f  active  and 
passive components, besides the requirement o f c r i t i c a l  
matching con dition s. Therefore, the FDNR-based rea liza tion  
o f  the ladder is  considered. The ladder network is  scaled 
by the complex frequency *s*, which transforms i t  in to  the 
CRD-version, shown in Fig. 3 .5 (b ) , without a ffe c t in g  the 
tra n sfer  function . The problem then reduces to  the r e a li­
zation  o f  idea l grounded FDNRs and flo a t in g  Rs in  the OA-C 
form. However, as i t  has been pointed out in  Chapter 2, the 
id ea l simulators require la rge  component coiant. Therefore, 
the active-C  version  o f  the ladder is  rea lized  in  th is section  
by employing non-ideal immittance sim ulators, which within 
certa in  con stra in ts, re a liz e  th e ir  id ea l version s. I t  may be 
noted that these c ir c u it s  were not included in  Chapter 2.
Consider the non-ideal grounded FDNR and the floa tin g  
R sim ulators, resp ective ly  shown in  Fig. 3 .6 (a ) and (b ) .  The 
non-ideal grounded FDNR b a s ica lly  rea lizes  the d riv in g -poin t 
impedance function
s f  B 1 B
Z (s ) = — p—  = -----  + ^  • (3 .14 )
s^C sC s^C
This c ir c u it  rea lizes  a se r ie s  combination o f  an FDNR and a 
ca p acitor. However, in the frequency range, w << B, the 
c ir c u it  rea lizes  an e f fe c t iv e  ideal-FDNR with
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(3 .15)
S im ilarly , analysis o f  the floa tin g -R  simulator o f 
Fig. 3 .6 (b ) rea lizes  the admittance-parameter matrix :
(s-^B) -  B
Y = C
-B (s+B)
(3.16)
In the frequency range, w << B, the matrix reduces to
Y = CB
1 -1
- 1  1
(3 .17 )
and rea lizes  an e f fe c t iv e  id e a l- f lo a t in g  r e s is to r  with R = 1/CB.
These low-component sim ulators are subsequently used in 
the active-C  rea liza tion  o f  the ladder, employing the trans­
formed c ir c u it  o f Fig. 3 .5 (b ) . The fin a l OA-C version  o f  the 
ladder i s  given in  Fig. 3 .7 . I t  may be noted that the c ir c u it  
uses a low component count o f  only n OAs and ( ^ n *  2) 
capacitors fo r  even n, and o f  (3 n -l)  Oas and |-(n+l) capaci­
tors  fo r  odd n ladders. The only r e s tr ic t io n  with the c ir c u it  
i s  to  use i t  in  the lim ited  frequency range, w << B, which 
r e s tr ic ts  i t s  use to  the AF-range. This section  demonstrates 
how component saving may be achieved at the co s t  o f some 
constraints imposed on the working frequency-range o f  f i l t e r s .
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5.2 L~Based Approach to  OA-C Synthesis
In the inductance (L)-based approach to  OA-C synthe­
s is ,  the R and L elements o f  the prototype f i l t e r  describing 
the tran sfer function  are required to  be simulated in  the 
OA-C form and then substituted  fo r  the corresponding passive 
components. This resu lts  in  the OA-C version  o f  the f i l t e r .
As has been seen in  the preceding section , the use o f  ideal 
component simulators normally requires a large count o f a ctive  
and passive components. In addition , the use o f such compo­
nent sim ulators, p a rticu la rly  the flo a tin g  ones, may resu lt 
in  undesirable se n s it iv ity  properties and the c ir c u i t  having 
unaccountable parasites, when the matching conditions are not 
s t r i c t ly  s a t is fie d . A ltern ative ly , the use o f  non-ideal 
component simularors fo r  replacing a se t o f  components is  
more a ttra ctiv e  from the considerations mentioned above.
In th is section , the second approach i s  therefore 
used in  the OA-C rea liza tion s  o f  ( i )  standard second-order 
f i l t e r s  and ( i i )  h igher-order ladders. In Section  3 .2 ,1 , a 
standard second-order OA-C high-pass (HP) f i l t e r  i s  realized  
by employing non-ideal L-sim iilator. The technique is  then 
applied in  Section 5 .2 .2 . in  the re a liza tio n  o f  higher-order 
OA-C ladders.
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5 .2 .1  R ealization  o f  second-order f i l t e r  with non-ideal 
L-sim ulator
This section  demonstrates the rea liza tion  o f a second 
order high-pass f i l t e r  from i t s  prototype, by using a non­
id ea l OA-C grounded L-sim ulator. The passive HP-prototype 
i s  shown in Fig. 3 .8 (a ) . For obtaining i t s  OA-C version , the
RLC-tuned c ir c u it  is  d ire c t ly  simulated and replaced by the
OA-C simulator o f  Fig. 2 ,3- The resu ltin g  c ir c u it  is  shown 
in  Fig. 3 .8 (b ). I ts  analysis gives the tran sfer function :
V. H, s^ N(s)
V ^ >  = ^
where
C C  ^ C, 1 /2
hp C^l • o 1 2
and
C„ B, C C. 1/2
Q » pS [ ^  . . = 2 - J . (3 .19 )
'-1 “l  ^2 ''34
This f i l t e r  enjoys the m ultifunctional ca p a b ility  and provides 
additional standard second-order BP and LP responses at the 
outputs o f  OA^  and 0A2 » resp ectiv e ly . The BP and LP gains 
are given by :
^  (3.20)
and the other parameters o f  in te re s t , such as, pole-w^ and 
pole-U remain unaltered. The f i l t e r  parameters have the
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Fig. 3-8 (a) Prototype h igh-pass  filter.
(b) O A - C  version of the prototype HPF.
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a ttra ctiv e  feature o f  being in  terms o f  C -ra tios . The sensi­
t iv i t y  figu res, fo r  various f i l t e r  parameters with respect to  
the active  and passive elements, are analysed and the fin a l 
resiilts  are included in  Table 3.^. Expressions in  the table 
show that the f i l t e r  enjoys a ttra ctiv e  s e n s it iv ity  properties; 
again a l l  the s e n s it iv it ie s  being le s s  than or equal to 
unity in  magnitude. The c i r c u i t  a lso  enjoys independent 
e lectron ic  tuning o f  pole-frequency. However, independent 
passive con trol o f  f i l t e r  parameters is  not present in th is 
case. In order to  provide dc biasing and s ta b i l it y ,  high­
valued res is to rs  are required across the capacitors C2 and C^.
3 .2 .2  R ealization  o f  h igher-order ladders
Inductance-based sim ulators o f  Table 2 .1  may a lso  be 
employed in  the re a liza tio n  o f  various ladder structures in 
the OA-C form, th is  technique w ill  p a rticu la r ly  be suitable 
fo r  top o log ies , which have inductance in  the shunt-arms. Two 
examples are f i r s t  considered fo r  the rea liza tion  o f  OA-C 
ladders having the Ls in  the shunt-arms.
'  86Consider the n -p ole  band-pass f i l t e r  o f Fig. 3 .9 (a )
I ts  rea liza tion  in  the OA-C form requires the replacement o f  
the grounded LC- arms by th e ir  simulated version s. The 
grounded LC-simulator o f  Fig. 2 .2 i s  used in  the rea liza tion  
o f active-C  version  o f the n -p ole  BP f i l t e r ,  as shown in  
Fig. 5. 9(b ) . The rea lized  f i l t e r  only requires 2n OAs and 
(^n-1 ) capacitors.
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F ig .3-9 (a) Prototype n - p o le  BP-f i l ter
(b) O A - C  versfon of n -po le  BP  filter.
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As a second example, con sider the n -th  order lin ea r
86phase BP f i l t e r ,  shown in  Fig. 5.10(a) . I ts  active-C
rea liza tion  requires the sim ulation and corresponding repla­
cement o f the passive RLC shunt-arms. The grounded tuned 
c ir c u it  simulator o f Fig. 2 .3  i s  employed fo r  the purpose.
The fin a l rea liza tion  is  shown in  Fig. 3 .1 0 (b ), where an n-th 
order f i l t e r  requires 2n OAs and (5 n -l)  capacitors in  it s  
rea liza tion .
The inductance-based sim ulation technique may a lso  be 
employed a ttra ctiv e ly , w ith certa in  con stra in ts , in  rea liz in g  
structures, which have Ls in  the floa tin g  arms, provided 
m ultiple component replacement is  p oss ib le . To demonsxrate 
th is , an n -th  order Cauer-Chebyshev (CC) low-pass ladder o f  
Fig. 3 .11(a) is  considered. I t s  re a liz a tio n  in  the Oa-C form 
requires the sim ulation and subsequent replacement o f the 
flo a tin g  LC-tuned c ir c u i t .  The flo a t in g  LC-simulator o f 
Fig. 2 .25(b ) already studied in  Section  2.5 is  used fo r  the 
Job. The resulting Oa-C version  o f  the CC low-pass ladder is  
shown in  Fig. 3.11(t»). This c i r c u i t  uses a low count o f  only 
2 (n - l)  OAs and (3 n -l)  ca p a citors  fo r  an n -th  order ladder.
The basic lim ita tion  o f  the c i r c u i t  is  in  i t s  use over a 
re s tr ic te d  frequency range o f  operation, w << B, as discussed 
in  Section  3.1.3^.
Note ; In the Oa-C ladder re a liza tio n s , high-valued resistors  
may appropriately be used fo r  providing dc bias to the OAs.
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Fig-3.10 (a) Prototype order l inear phase BP  f i l ter
(b) O A - C  vers ion  of l i n e a r - p h a s e  B P  fi lter.
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F i g .3-11 (a) order Caaer Chebyshev
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(b) OA — C version of CC-type LP filter.
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3.3 FDNCAP-Based Approach to  OA-C synthesis
In th is  section , a new approach to d ire c t  form syn­
th e s is , ca lled  the FDNCAP-Based Approach, is  considered fo r  
the rea liza tion  o f  second-order and h igher-order f i l t e r s  in  
the OA-C form. In th is  technique, the passive FlLC-prototype 
network describing the tran sfer function  is  f i r s t  transformed 
in to  an equivalent network by sca ling each admittance o f the 
or ig in a l network (N) by the square o f the com plex-variable 
(s ^ ) , as shown in  Fig. 3.12. The resu ltin g  network (N*) is  
thus obtained by converting a r e s is to r  to  an FDNR, an indue- 
t o r  to  a cap acitor and a cap a citor  to  a frequency dependent 
negative capacitance (FDNCAP) element^^. The FDNCAP has 
impedance o f  the form, 1/s^F, where F i s  parameter o f  the 
element having the units o f  ( farad) ^ . ( ohm) ^  ( f^ . il^ ). Thus, 
the RLC-network (N) i s  cenverted to  a DCF-network (N^) and 
synthesis problem becomes that o f  the re a liza tio n  o f  FDNRs 
and FDNCAPs in  the OA-C form.
As w ill  be seen in  the subsequent section , the technique 
w il l  prove out to  be very a ttra ctiv e  in  the rea liza tion  of 
OA-C versions o f  those structures which have excessive number 
o f  inductances in  the ser ie s  , as w ell as, the shunt-arms.
In th is  method a lso , e ith er idea l or non-ideal FDNCAP c ircu its  
may be used in  the rea liza tion  o f  OA-C c ir c u it s .  However, 
as has been pointed out e a r lie r , the use o f  non-ideal FDNCaP- 
simulators fo r  multiple-component replacement w ill prove out
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to  be much more a ttra ctiv e . In Section 3 .3 .1 , the technique 
i s  used, in  the rea liza tion  o f second-order low p a s s - f i l t e r  
and in  Section 3 .3 .2  fo r  the rea liza tion  o f  higher-order 
ladders.
3 .3 .1  R ealization  o f second-order section  with non-ideal 
FDNCAP-simulators
In th is  section  the rea liza tion  o f standard second- 
order low-pass f i l t e r  is  described using an FDNCAP-based 
sim ulator. The prototype second-order LP f i l t e r  i s  shown 
in  Fig. 3 .1 3 (a ). I ts  sca ling  by s^ leads to  the FDNCAP-based 
version  o f  the c i r c u i t ,  shown in  Fig. 3 .1 3 (b ). I t  may be 
n oticed  that the transformed network may com pletely be simu­
la ted  by the FDNCAP-based. sim ulator o f  Fig. 2.15 by taking 
the responses at the output o f  Oa.^ . In the resulting c ir c u it ,  
ca p a citor  C is  s p l i t  as a parallel-com bination  o f  and C^, 
i . e . ,  C = fin a l OA-C rea liza tion  i s  given in
Fig. 3 .1 3 (c ) . Analysis o f  the c ir c u it  y ie ld s  the tran sfer 
function :
V, H, w  ^ N(s)
(s )  = ( 5. 2 1 )
Vi  ^ D(s)
where
1/2
h p  "  %  -  Cb^.B2 . . ]
^12 ^3^
and
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( b)
(c)
Fig.3.13 (a) Prototype R L C  Low_pass  f i lter  (LPF).
(b) F D N C A P - v e r s i o n  of LPF.
(c) O A - C - v e r s i o n  of LPF.
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Q = [ -  . . (3 .22 )
®2 '^12 '^ 3
Once again, the f i l t e r  parameters have the a ttra ctive  feature 
o f  being in  terms o f  C -ra tios  and the pole-frequency being 
independently tunable w ith the b ia s -co n tro l. However, inde­
pendent passive con tro l o f f i l t e r  parameters is  not present.
AS the f i lte r ’ s output is  available at the output of OA, addi­
tional buffer is  not needed, which is generally required in 
the circuits obtained by the direct form approach.
The s e n s it iv ity  figu res fo r  various f i l t e r  parameters, 
with respect to  a ctive  and passive elements, are analysed and 
the f in a l resu lts  are included in  Table 3 .5 . The table shows 
that f i l t e r  enjoys a ttra ctiv e  s e n s it iv ity  p rop erties , being 
le s s  than or equal to  unity in  magnitude. In order to  provide 
dc b iasing to  the OAs, high-valued re s is to rs  are required 
across and C .^
3 .3 .2  R ealization  o f  h igher-order ladders
Sometimes in  the ladder re a liza tio n s , the L-based and 
the FDNR-based techniques do not prove out to  be a ttra ctiv e , 
p a rticu la r ly  when the structures contain inductances in  both 
the ser ies  and the shunt-arms. In such cases, the FDNCAP- 
based approach generally  leads to  a ttra ctiv e  rea liza tion  o f 
the c ir c u it  in  the OA-C form. In th is  section , we shall 
consider two examples fo r  the rea liza tion  o f  the n -th  order
126
Table 3.5 ; S e n s itiv ity  fig u res  fo r  OA-C f i l t e r  o f F ig .5 .1 3 (c)
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ladders, based on the FDNCAP approach. The f i r s t  example is  
based on the use o f  non-ideal FDNCAP fo r  the simulation o f a 
set o f  components. Therefore, i t  resu lts  in  a low component 
rea liza tion  with no matching and frequency r e s tr ic t io n s . In 
the second rea liza tion , an id ea l grounded FDNCAP is  required. 
However, rather than using an id ea l grounded FDNCAP c ir c u it  
with a large component count and matching con d ition s, the use 
o f  non-ideal FDNCAP as an id ea l one within certa in  frequency 
con stra in ts , is  suggested. This once again resu lts  in  the 
optim ization o f components and elemination o f  c r i t i c a l  matching 
con dition s.
In the f i r s t  case, con sider the e l l i p t i c  ladder f i l t e r  
o f  Fig. 3 . lH a ) .  I ts  transformed FDNCAP-version is  shown in  
Fig. 3 .1 ^ b ) .  For the re a liz a tio n  o f  the ladder in  the OA-C 
form, two types o f  non-ideal grounded simulators^ I and I I ,  
are required. The f i r s t  type o f  simulators ( l )  are used fo r  
the replacement o f  the se r ie s  C;F shunt-anns, except fo r  la s t  
arm. The FDNCAP- based sim ulator rea liz in g  grounded C:F- 
function  is  given in  Fig. 2 .13 . This c ir c u it  is  used fo r  the 
replacement o f the shunt-arms in  the transformed c ir c u it .
Rather than simulating an id ea l FDNR fo r  the la s t  shunt-anm, 
the complete L -section  con sistin g  o f  C and D is  simulated by 
the non-ideal FDNR-simulator ( I I )  o f  Fig. 2 .9 . The fin a l 
OA-C version  o f  the ladder is  shown in  Fig. 2 .1 4 (c ) . I t  is  
seen that the rea liza tion  does not require any matching or 
frequency con stra in ts , and moreover, i t  uses a low count o f
128
Cl
(a)
T YPE - I  O A -C  s i m u l a t o r
C3 Cn-2
TYPE- I I  s im u l a t o r
±
C2
Cn
- i ) -
I
± c  I 
—  *^n-l I 
____I L
T "•s
(b)
(c)
Fig.3-U (a) Prototype ell iptic l a d d e r  filter.
(b) F D N C A P - v e r s i o n  of el l ipt ic l a d d e r  filter.
(c) O A - C  vers ion of e l l ip t ic  l adder  filter.
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only n OAs and 2n Cs.
In the second example, the low-pass LC ladder o f Fig. 
3 .15 (a ) is  considered. I ts  transformed FDNCAP-version is  
shown in Fig. 3 .1 5 (b ). Now to  re a lize  the c ir c u it  in  the 
OA-C form, the grounded idea l FDNCaPs are required to  be 
replaced by the corresponding OA-C siu u lators. The non-ideal 
FDNCaP o f Fig. 2.13 in  the frequency range, w << B, acts as 
an id ea l grounded FDNCAP-Simulator, with the impedance func­
t io n , Z (s ) = l/s^ F  and F = C^/B^B^. Therefore, fo r  the r e a l i ­
zation  o f the ladder in  the GA-C form, th is  FDNCAP-simulator 
i s  used fo r  the replacement o f  a l l  the shunt-arms, except 
fo r  the la s t  arm, which is  replaced by the FDNR-simulator 
o f  Fig. 3 .6 (a ) . The OA-C version  o f the Ladder is  shown in 
Fig. 3 .1 5 (c ) . I t  i s  seen that the OA-C ladder uses only 
(n+1) OAs and (2n+l) Cs fo r  e v e n -n , while n OAs-and 2n Cs 
fo r  odd-n f i l t e r s .  Matching constra in ts are not present in  
th is  re a liza tio n , but frequency r e s tr ic t io n , w << B, i s  present 
in  the c ir c u it .
3.  ^ S3q)erimental Results
In th is  section  es^Jerimental v e r if ic a t io n s  o f  the three 
OA-C d ire c t  form synthesis techniques, studied in  the preceding 
section s , have been included. This is  done by e:Q)erimentally 
v e r ify in g , one c i r c u i t  each, rea lized  through the d iffe re n t  
d ire c t  forro synthesis approaches. Since the f i l t e r s  rea lized  
in th is  chapter are based on the component sim ulators studied
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in  Chapter 2, the experimental resu lts a lso  provide the 
veriX ica tion s  on some o f  the component simulators o f  the 
previous chapter. Lacking IG fa b rica tion  f a c i l i t i e s  in  the 
Department, the experimental v e r if ic a t io n s  were done on the 
d is cre te  versions o f  the c ir c u it s .  The reported resu lts have 
been obtained without resorting  to tuning.
3 .^ .1  Design and testin g  o f  B S -f i l t e r  (FDNR-Based Approach)
The d iscre te  version  o f  the second-order band-elemina-
tion  f i l t e r  (BEF) o f Fig. 3 .3 (c ) ,  rea lized  through the FDNR-
based technique, was e35)erim entally v e r if ie d  in  the laboratory.
In it ia lly ^ th e  BE f i l t e r  was designed fo r  a centre frequency
(f^ ) o f  32.9 KHz and quality  fa c to r  o f  10.5 with OAs o f  741-
type and d iscre te  Cs o f  1 percent tolerance. The use o f  the
design equation (3 .6 ) ,  along with the measured value o f  B o f
each OA as 0.9 MHz at V = + 9 v o lt s ,  yielded  the follow ingc c
component values : = 65 nF, = 226 pF, = 99.5 pF, and
= 74  nF. The designed c i r c u i t  o f  Fig. 3 .16 (a ) was tested  
with frequency response shown in  Fig. 5 .1 6 (b ). The experi­
mental resu lts  show good conform ity with design.
The m ultifunctional ca p a b ility  o f the f i l t e r  was a lso  
v e r i f ie d  experim entally. The previous f i l t e r ,  with the given 
sp e c ifica t io n s  and design, a d d ition a lly  provides the band­
pass ch a ra cte r is t ics  at the output o f  OA .^ The frequency 
response o f th is  c i r c u i t ,  along with the designed and observed 
values o f  f^ and Q, are included in  Fig. 3.17. The low-pass
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response is  a lso  ava ilab le  at the output terminal o f  OA2 .
The f i l t e r  was then s lig h t ly  redesigned to  y ie ld  the Butter- 
worth response at the output o f  OA2 fo r  previous pole 
frequency, f^ = 32-9 KHz. The m odified values o f  capacitors 
become : = 5 .3  nF and = 290 pF ; the other C-values
remaining unaltered. The low-pass f i l t e r  i s  shown in  Fig. 
3 .1 8 (a ). I ts  experimental frequency response, along with 
the th eoretica l and observed values o f  paramerers, are in clu ­
ded in  Fig. 3 .1 8 (b ). The agreement between tneory and 
ejqjeriment i s  obvious.
The va ria tion  o f  p o le  - f^  and pole-Q  with bias voltage 
(V ) fo r  the BEF o f  Fig. 3 .16(a) was a lso  experimentallyOQ
v e r if ie d . The resu lts  are shovm in  Fig. 3.19. I t  demonstrates 
tne independent e lectron ic  tuning o f pole-frequency with b ia s - 
voltage over a considerable range o f  about 81 per cent, with 
Q p r a c t ic a lly  remaining unaltered.
In a l l  the cases, the experimental values were foxmd 
to be in c lo se  conform ity with the theory. Note, high­
valued re s is to rs , each o f  2.2 Mohm, were employed across 
the capacitors and C2 to provide the dc bias and s ta b il ity  
to the OAs.
3.^ .2  Design and testin g  o f  H P -filte r  (L.-Based Approach)
The second-order high-pass f i l t e r  o f  Fig. 3 .3 (b ), 
rea lized  through the L-based technique, was designed and
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Fig.3-19 Variation of p o l e - f r e q u e n c y  (U  a n d  p o l e - Q
with b las-voLtage (V^c) for B E F  of Fig.3-16(a).
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experimentally v e r i f ie d  by employing Bi-MOSFET input OAs,
CA 3 1^ .  The measured value o f  B at a bias o f + 9V was 
found to  be 4.2 MHz. The H P -filte r  was designed fo r  Butter- 
worth response at a c u t -o f f  frequency, f^ = 420 KHz. Since 
the operational frequency was in  hundred o f  k iloh ertz  range, 
i t  was essentia l to  use the p red istortion  technique, discussed 
in  Chapter 4. The c ir c u i t  design incorporating p red istortion , 
along with (3 .9 ) ,  y ielded  the follow ing capacitors values ;
= 1.02 nF, = 0.97 nF, = ^.6 nF, = 0.99 nF, and
= 71.2 nF. This c ir c u it  i s  shownin Fig. 3 .2 0 (a ). I t  was 
experimentally v e r i f ie d  and the frequency response is  given 
in  Fig. 3 . 20(b ) .  The resu lts  once again exh ib it good con for­
mity with the theory.
3 .4 .3  Desifoi and testin g  o f  L P -f i lt e r  ( FDNCAP-Based Approach)
The d iscre te  version  o f  the second-order low-pass 
f i l t e r  o f  Fig. 3 .1 3 (c ) , rea lized  through the FDNCAP-based 
technique, was designed and experim entally v e r if ie d  employ­
ing Bi-MOSFET input OAs, CA 3140. The measured value o f B 
at a bias o f  + 15 V was 4.5 MHz. The low-pass f i l t e r  was 
designed fo r  Butterworth response at c u t -o f f  frequency, f^ = 
100 KHz. Using (3 .2 2 ), the design y ie ld s  the follow ing capa­
c ito r s  values : C^  = 220 nF, = 112 pF, C^  = 3.2 nF, and 
C  ^ = 100.8 nF. The designed c ir c u it  is  given in  Fig. 3 .2 1 (a ). 
The LPF was then eijqjerimentally v e r if ie d  and the frequency 
response is  shown in  Fig. 3 .2 1 (b ). Once again, the resu lts
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were found in  c lo se  conform ity with the theory.
3.5 ConcludlnR Remarks
In th is chapter, the d ire c t  form OA-C synthesis has 
been considered in  d e ta ils . Three sjm thesis techniques, v iz . , 
( i )  L-Based Approach, ( i i )  FDNR-Based Approach, and ( i i i )
( i i i )  FDNCAP-Based Approach, have been described  in  d e ta il 
and c r i t i c a l ly  studied fo r  the rea liza tion  o f  second-order 
and higher-or^er networks in  the OA-C form, startin g  from the 
passive RLC- prototype. For the simulation o f  components, 
idea l and non-ideal immittance simiolators, already studied 
in  Chapter 2, were employed. In a l l  the three approaches, 
two d iffe re n t  types o f component simulators were required.
I t  has been shown that use o f  idea l sim ulators, p a rticu la rly  
in the floa tin g  mode, leads to  c ir c u it  rea liza tion s  with a 
number o f  undesirable features. These are : ( i ) ‘ use o f large  
count o f  active  and passive components, ( i i )  requirement o f 
c r i t i c a l  component matching, and ( i i i )  in  some cases, a 
re s tr ic te d  working range o f  frequency.
Therefore, in  cases where ideal component simulators 
are essen tia l, i t  has been suggested to  use the corresponding 
non-ideal simulators within a frequency range, w << B, where 
the non-ideal c ir c u it s  can be assumed to provide the behaviour 
o f  idea l sim ulators. The use o f  such non-ideal sim ulators, 
within the re s tr ic te d  frequency range, provides c ir c u it  
rea liza tion s  with low component count and without requiring
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c r i t i c a l  matching con stra in ts .
An a ltern ative  technique o f  using non-ideal component 
sim ulators, without frequency r e s tr ic t io n , proves out to  be 
s t i l l  more a ttra ctiv e . In th is  method, the non-ideal compo­
nent sim ulators used fo r  the replacement o f  m ultiple-elem ents, 
e ith er  o f  the prototype or i t s  transformed version . Such 
rea liza tion s  use a low count o f  active  and passive components, 
and do not have matching and frequency r e s tr ic t io n s .
The s u ita b il ity  o f  a p a rticu la r  OA-C d ire c t  form 
synthesis approach, as i s  the case with conventional active-RC 
syn th esis , depends on the structure o f  the basic prototype 
network. For example, the L-based technique proves out to  be 
a ttra ctiv e  when structures have C(s) in  the floa tin g-arm (s) 
and L or LC or RLC-network(s) in  the shunt arm (s). The FDNR 
based approach, generally leads to  the rea liza tion s  with a 
la rg e r  component count. However, the use o f  non-ideal 
component sim ulators, within the re s tr ic te d  frequency range, 
sometimes rea liz e s  f i l t e r s  with low component count. Struc­
tures which require, both floa tin g  and grounded inductances, 
are generally  su itab le  to  re a lize  with the d ire c t  form FDNCAP 
approach. This is  p a rticu la rly  so i f  multiple-component 
sim ulator i s  employed. The resu lting OA-C networks have low 
component count and a lso  do not su ffe r  from matching cons­
tra in ts  and frequency re s tr ic t io n s .
The discussed techniques provided a useful method fo r
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the rea liza tion  o f b iquadratic, as well as, higher-order 
f i l t e r s ,  su itab le fo r  m onolithic implementation in  the 
MOS technology. The paramexers o f a l l  the rea lized  f i l t e r  
were found to be in  terms o f ratioed-C . This is  very attra ­
c t iv e  feature fo r  MOS implementation. Tne rea lized  second 
order f i l t e r s  were generally  found to provide additional 
standard responses, besides the one ibr wnich i t  was rea lized . 
The pole-frequ encies o f a l l  second-order f i l t e r s  were found 
to  be tunable e le c tro n ica lly  with the b ia s -vo lta ge  control 
without a ffe ctin g  the u o f the f i l t e r s .  A lso in  many cases, 
the c ir c u it  incorporates independent passive con tro l o f pole-Q. 
The se n s it iv ity  studies o f the second-order f i l t e r s  showed 
them to  have a ttra ctive  s e n s it iv ity  performance. F inally, the 
ejcperimental resu lts on the f i l t e r s ,  rea lized  by the three 
synthesis techniques, gave experimental resu lts  which were in 
good conform ity with the theory, without resorting  to tuning.
C H A P T E R  h 
OA-C FILTERS ; CASCADE FORM SYNTHESIS'*'
4 ,0  Introduction
In the cascade form synthesis, the nth-order transfer
function  is  rea lized  as a non-in teractive cascade o f  ( i )  only
second-order sections fo r  even n and ( i i )  one f i r s t -  or a
th ird -ord er  section  and the remaining second-order section s ,
87fo r  making up the desired values o f  n, in  case n is  odd .
In the case o f  OA-C cascade form synthesis, the basic r e a l i ­
zation  philosophy remains the same, but in  addition  the lower 
order section s , acting as the basic build ing b locks, are 
required to  be rea lized  with only capacitors and operational 
am plifiers .
At presenx, the usefulness o f  any f i l t e r  section  is  
Judged on the basis o f  two important considerations :
(a ) Performance, and
(b ) S u ita b ility  to  implementation in the contemporary 
IC tech n olog ies, in  which MOS is  currently  domina­
ting  the scene.
Some o f  the important and desirab le  performance aspects 
o f the basic bu ild ing blocks (BBSs) are
i )  Wide frequency-range o f operation ;
The material included in  th is  chapter has led  to the 
p u b lica tion  o f  author's papers Nos. 1,5 and 9» l is t e d  on 
page v i i .
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i i )  high fu n c t io n a l-v e rs a t ility  ; 
i i i )  independent tuning o f  parameters, preferab ly  
e le ctron ic  tu n a b ility  ; 
iv )  low s e n s it iv it ie s  o f  a ctive  and passive components ; 
v) low component count, p a rticu la rly  in the active 
device ;
v i )  low spread in component values ; 
v i i )  s im p lic ity  in  design procedure ; 
v i i i )  high input and low output impedance le v e ls  fo r
fa c i l i t a t in g  the non -in teractive  cascading o f  the 
basic b locks.
Generally, i t  is  very rare fo r  c ir c u it  to s a t is fy  a l l  the above 
performance c r i t e r ia  simultaneously ; an engineering compromise 
i s  th erefore  required in  most o f  the cases.
Besides the essen tia l requirement o f  high-performance, 
i t  i s  a lso  desirab le  that the c ircu it/system  should be compa­
t ib le  with some contemporary IC technology. The advantages 
o f  such an implementation are too  well known to  be repeated 
here. The rea liza tion  o f  a c i r c u i t ,  p a rticu la rly  in  m onolithic 
fo rm  a lso  adds up to  the improved performance o f  the c ir c u i t ,  
which can not normally be achieved in  the d is cre te  form. For 
a c i r c u i t  to be implemented in  a contemporary IC technology, 
i t  should s a t is fy  the tech n olog ica l constraints o f that 
technology, l ik e  ( i )  the c la ss  o f  components which can conven­
ien tly  be fabrica ted  and ( i i )  the c ir c u it  should have economical
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fe a s ib i l i t y  o f  high degree o f process standardization. In 
the case o f  the biquadratic f i l t e r in g  b locks, th is  emplies 
the requirement o f  functional v e r s a t i l i t y  to  the rea liza tion  
o f  m ultiple f i l t e r  responses, such as, low -pass, high-pass, 
band-pass, band-elemination and a ll-p a s s . Batch processing 
can then be employed fo r  the manufacture o f such v e rs a t ile  
BBBs, leading to  the production o f r e lia b le , high quality  
c ir c u it s  at low co s t .
This chapter on OA-C f i l t e r s  emphasises on the study 
o f  such BBBs, which use only OAs and ca p a c ito r -ra tio s  in  
th e ir  rea liza tion  and are a lso  su itab le  fo r  implementation 
in  the popular MOS technology. The c ir c u it s  w il l  be shown 
to  possess a number o f the desirab le  features mentioned 
e a r lie r . Unlike the previous chapter, the emphasis is  not 
on the technique fo r  the rea liza tion  o f  a f i l t e r  ; d ir e c t ly  
the c ir c u it s  are given and studied in  d e ta il fo r  th e ir  
performance and the s u ita b il ity  to  MOS implementation. The 
chapter is  organized as fo llow s :
In Section 4 .1 , the f ir s t -o r d e r  OA-C f i l t e r  sections 
have been described . Section  4 .2 , b a s ica lly  deals with the 
rea liza tion  o f  second-order f i l t e r  section s . The study o f the 
e ffe c ts  o f  n o n -id e a lit ie s  and parasites are included in 
Section 4 ,5 . The h igher-order f i l t e r s  have been discussed in 
Section 4 .4 . In Section  4 .5 , the e:q)erimental resu lts  on 
some o f the f i l t e r s  considered in  the chapter are given.
F in a lly , important concluding remarks are given in  Section  k .6 .
4.1 First-O rder OA-C Sections
This section  deals with the f ir s t -o r d e r  low-pass,
high-pass and a ll-p a ss  section s , using only one op-amp and
C -ra tios  in th e ir  rea liza tion s . As has been pointed out
e a r lie r , the f ir s t -o r d e r  sections find  use in  the re a liz a tia i
o f  f i l t e r s  o f  odd-order in the cascade form synthesis approach.
In addition  to th is , they may a lso  be used in  various other
ap p lica tion s , such as f i l t e r  rea liza tion  schemes, phase-
s h ifte r , f ir s t -o r d e r  equalizer fo r  bass and trebble  audio 
79tones, e t c .
A-. 1 .1  Low-pass section
In Fig. ^ .1 , four OA-C firs t-o rx ie r  section s are given 
fo r  the rea liza tion  o f  L P -ch aracteristics . Using the f i r s t -  
pole  r o l l - o f f  characterization  o f  an OA, the tra n sfer  functions 
o f  the section s have been derived and included in Table 4 .1 , 
where a  =
I t  may be noted that the c ir c u its  o f  Fig. i+.l ; (a ) ,
(b) and ( c ) ,  re a liz e  non-inverting low-pass characterisT :ics, 
while that o f  Fig. 4.1 (d) rea lizes  an inverting  LP-character­
i s t i c s .  The low-pass gains are a lso  included in  the tab le . 
These c ir c u it s  exh ib it e lectron ic  tu n a b ility  o f  pole-frequency 
with b ia s -vo lta ge .
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+ o - 
Vi
-  o-
Cl C2
>
(b)
-O +
Vo
-o -
+ 0-
Vi
C2
H)“
Cl
Hh
-o +
-o
Vi
.92
Cl
Hl-
-o
Vr
(C ) (d )
Fig. ^ ‘1 (a)» (b)? (c) Non-inverting and (d) inverting
f i r s t - o r d e r  low -pass  sect ions .
Table 4.1 ; F irst-ord er low-pass sections
l t^S
Fig.No. Transfer function
V
T(s) = ^
i
Gain (H  ^ )
4 .1 (a )
and
4.1 (d )
B
s + aB 
aB 
s + aB 
-d -a )B  
s + aB
4 .1 .2  High-Pass section
F irst-ord er OA-C high-pass f i l t e r  section  is  shovm in 
Fig. 4 .2 . I t  i s  characterized  by the tran sfer function
V ( l - a ) s
T (s) = = ----------
s + aB
(^ .1 )
where, a = high-pass gain, = ( l - a ) .
This c ir c u it  rea liz e s  non-inverting H P -ch aracteristics , with 
e lectron ic  tu n a b ility  o f  pole  frequency with b ia s-vo lta ge  
con tro l.
4 .1 .3  A ll-pass section
Consider the OA-C f ir s t -o r d e r  c ir c u it  shown in  Fig, 
4.3 . The tra n sfer  function  i s  given by
^  . .V  11 -
VI C2
Fig. ^.2 F i r s t - o r d e r  h i g h -p a s s  section.
Czi
i h
Hl-
Vi Cl
I C3 Vo
Fig. 4-3 F i r s t - o r d e r  a l l - p a s s  sect ion
1^ 49
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V 1 ^
T(s) =. -2- = ------- . ------------ -----------------  (4 .2 )
where
Cl C3
a-, = —  , and a» = -^  .
^2
Case 1 : In case ,  ^ ^1^2 ~ c ir c u it
re a liz e s  the function
V 1 ® "  r+a,
= ” ^  =  ------  • ---------------V, 1 « 2  ,  B
I+a^
and exh ib its  all-pass ch a ra cter is t ic  , which i s  in  terms o f 
C -ra tio s . This c i r c u i t  may a lso  be used as a p h ase-sh ifter 
with the magnitude given by
1
TapO'«)1 = --------- (^ .^ )
1
and the phase-angle by
w(l+a, )
0 = Ti -  2 tan"-^ [ -------- —  ] .  (4 .5 )
B
Case 2 : Simple f ir s t -o r d e r  equalizer fo r  bass and trebble
79audio tone shaping can a lso  be rea lized  with the c ir c u it  of 
Fig. 4 .3 . In th is  case, i t  is  required that a]_a2  ^
responses fo r  bass and trebb le  equalizers may be set by choo­
sing appropriate value fo r  a2*
The s e n s it iv ity  aspects o f the f ir s t -o r d e r  sections
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were examined. These are summarized as fo llow s ; 
w w
Sg° = 1 ; < 1 , where i  = 1 , 2 . (4 .6 )
I t  i s  seen that in  a l l  the cases, the s e n s it iv ity  figures 
are reasonable. A lso, the parameters o f  the c ir c u its  are 
in  terms o f  C -ra tios , which may be rea lized  in  high precis ion , 
high degree o f  tracking and good s ta b i l it y  in  MOS technologj^^.
4.2 Second-Order OA-C F ilte r  Sections
In the previous chapter, some techniques were suggested 
fo r  the rea liza tion  o f  OA-C second-order f i l t e r  section s .
These f i l t e r s  were a lso  studied in  d e ta il. In th is  section , 
we d ire c t ly  give two c ir c u it s  fo r  the re a liza tio n  o f  low to 
medium Q f i l t e r s  and four c ir c u its  fo r  medium to  high Q f i l t e r s .  
In a l l  the con figu ration s, only OAs and C -ra tios  are employed 
in  the c ir c u it  rea liza tion s . These c ir c u it s  simultaneously 
re a liz e  low-pass and band-pass ch a ra cte r is t ics  at the output 
terminals o f  the OAs. These may, th ere fore , con stitu te  as the 
n on -in teractive  basic bu ild ing blocks fo r  the rea liza tion  
o f  higher-order f i l t e r s ,  as the outputs are d ir e c t ly  available 
at the outputs o f  the OAs and high input impedance le v e l may 
be adjusted by the proper design o f  C -ra tios . The basic 
c ir c u its  may a lso  be extended to  obtain a general biquadratic 
f i l t e r ,  using C-MOS inverter. Such a f i l t e r  may rea lize  a l l  
types o f important standard responses.
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i+.2.1 Low to  medium-U f i l t e r s
Two m ultifunctional OA-C f i l t e r s  fo r  the simultaneous 
rea liza tion  o f low-pass and band-pass responses are shown in  
Figs. 4 .4 (a ) and (b ) .  The expressions fo r  the voltage tran sfer 
functions are included in  Table 4 .2 , where
Table 4.2 : Volxage tran sfer functions o f  f i l t e r s  of 
Fig. 4 .4 (a ) and(b).
I t  may be noted that the c ir c u it  o f  Fig. 4 .4 (a ) 
rea lizes  standard LP and BP responses where as, that o f 
Fig. 4 .4 (b ) rea lizes  an idea l LP and mixed BP responses.
This c i r c u i t  may, however, be designed to  give a near ideal 
BP response, i f  tne condition  includea in  the table is  s a t is ­
fie d  through design.
Vi
V1
'— II- 
C3
Cl
(a)
155
-o
V2
Vi Vi Cl
C2
>
C3
V2
(b)
Fig.4>-^ (a),(b): L o w - t o - m e d i u m — Q L P / B P
f i l ters.
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0 Parameters -  The important f i l t e r  parameters, such as, LP 
and BP gains, the pole-w^ and pole-Q , are included in Table 
4 .5 , where + Cj
Table 4.3 : Parameters o f  OA-C f i l t e r s  o f  Fig. A-.4(a) and (b) 
Parameters F ilte r  o f  Fig. 4 .4 (a ) F ilte r  o f  Fig. 4 .4 (b )
H.LP
H.BP
w
(1  )
C,
(1
[ ^ c
‘ ) —  (1 =4 + ---- )
=3
*
1/2
[B B . =1
1/2
=12
X ^
=12 =34
®2
•
f l
•
C3^ 1/2 £ i
•
=34 1/2
Bl =12 ®2 =12 =3
The expressions in  the tab le  in d ica te  convenient r e a li­
zation  o f  the f i l t e r s  in  the MOS technology, as a l l  the para­
meters are in  terms o f ratioed-C . I t  may be noted that the 
c ir c u it s  are b a s ica lly , su itab le  fo r  the rea liza tion  o f low- 
to-medium-Q values. For the rea liza tion  o f  medium-range Q 
values, i t  is  required that
, and (4 .7 )
by the design. The c ir c u i t  enjoys independent e lectron ic
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tu n ab ility  o f  the pole-frequency. However, the passive 
tu n a b ility  o f  and Q are found to  be in tera ctive  in these 
c ir c u it s .
0 S e n s itiv ity  -  Detailed s e n s it iv ity  analysis fo r  the two 
c ir c u it s  was performed. The fin a l resu lts  o f a ctive  and 
passive s e n s it iv it ie s  fo r  various parameters o f  in terest are 
included in Table h .k .  I t  may be observed that the active 
gain s e n s it iv it ie s  fo r  the f i l t e r  o f Fig. 4 .4 (a ) are zero 
and those o f  Fig. 4 .4 (b ) are low. A lso, in  both the cases 
the w^  and u s e n s it iv it ie s , to  a ctive  and passive parameters, 
are le s s  than or equal to  one in  magnitude ; with,most o f them 
being le s s  than or equal to h a lf in  magnitude. This con stitu ­
tes an a ttra ctiv e  feature o f  the c ir c u it s .
4 .2 .2  Medium to high-Q f i l t e r s
In th is  section , four OA-C second-order f i l t e r s  are 
rea lized  and studied,which have independent passive tuning 
o f  Q with C -ratios and are a lso  su ita b le  fo r  the rea liza tion  
o f  higher Q-values. The c ir c u it s  are shown in Fig. 4.5 and 
each simultaneously rea lizes  BP, and LP responses at tne 
output terminals o f  the OAs. Conventional an a lysis , based 
on the s in g le -p o le  r o l l - o f f  ch aracteriza tion  o f  the OAs, 
g ives the transfer functions l is t e d  in  Table 4 ,5 . The para­
meters o f in te re s t  fo r  these f i l t e r s  are a lso  derived and 
included in  Table 4.6.
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Vi
C2
J_ it- 
’  Cl C3
(a)
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Vl Cl—«----- II-
^2
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V2
—o
C2
Vi I r
C2
-It-
,C5
— I — II-
V2
Cs(d)
Fig.^-5 (a),(b),(c) and (d)= M e d i u m - t o - H i g h ~ Q  O A - C  filters.
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1 6 0
The f i l t e r s  o f Fig. 4 .5 (a ) and (b) rea liz e  the non­
inverting  low-pass responses at the output o f  OA2 and give 
mixed BP responses at the output o f  0A-, . However, by insuring, 
w >> near-ideal BP-response may conveniently be r e a l i -
zed. Only four capacitors have been used in each o f  the 
rea liza tion s  and the c ir c u it  parameters are found to be in 
terms o f  C -ra tios . The c ir c u it s  have independent passive 
tu n a b ility  o f  Q with and/or C^, and independent e lectron ic  
tu n a b ility  o f pole-frequ ency. In a p ra ctica l c ir c u it ,  f i r s t  
the p o le  frequency is  set at i t s  nominal value and the desired 
value o f  Q i s  obtained with ra tioed -ca p a citors , C^/C^. The 
c ir c u it s  are su itab le  fo r  medium-Q rea liza tion s . High-Q values 
may a lso  be obtained at the cos t  o f  la rger spread in  Z j Z y  
ra tio . The c ir c u i t  of Fig. 4 .5 (b ) can a lso  re a liz e  low-pass 
gain greater than unity.
The m ultifunctional f i l t e r  o f  Fig. 4 .5 (c )  employs an 
add ition al pa ir  o f  capacitors in  i t s  rea liza tion  and provides 
id ea l non-inverting BP and inverting LP ch a ra cte r is t ics  at the 
outputs o f  OAj^  and OA2 . resp ective ly . The other aspects 
regarding tu n a b ility , component spread, e t c . ,  are sim ilar to 
those o f f i l t e r s  o f  Fig. 4 .5 (a ) and(b).
The c ir c u it  o f Fig. 4 .5 (d ) has been obtained from the 
f i l t e r  o f  Fig. ^ .5 (c ) oy feeding a C -attenuator, constituted  
by Cy and Cg, a* node P. This c ir c u it  exh ib its  id ea l LP and
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BP responses, s im ilar to  those o f  f i l t e r  o f  Fig. 4 .5 (c ) .
The additional advantage which emerges from the increase in
C-count i s  in the convenient rea liza tion  o f  high-Q values
in  low C-spread. A carefu l comparison o f  the expressions
o f  Q and Hgp given in  Table 4.6 fo r  the f i l t e r s  o f Fig.
4 .5 (c )  and (d) shows one additional m u ltip lica tion  fa cto r ,
^78 ^8( •**??“ )» in  the la te r  case. This helps in  the conve-
n ient design o f  high-Q values in  low C-spread. The other 
features o f the c ir c u it  are sim ilar to  those o f f i l t e r  o f  
Fig. 4 .5 (c ) .
The incremental s e n s it iv it ie s  o f  a l l  the fou r f i l t e r s  
were evaluated with respect to  a ctive  and passive parameters. 
Only the f in a l resu lts  are included in  Table 4 .7 . These show 
a l l  the f i l t e r s  to  have a ttra ctive  s e n s it iv ity  properties with 
the maximum s e n s it iv ity  being equal to  unity in  magnitude.
In most o f  the cases s e n s it iv it ie s  are much le s s e r  than th is  
value.
4 .2 .3  R ealization  o f  General Biquadratic F ilte rs
I t  i s  w ell known in tech n ica l l ite ra tu re  on active
synthesis that a general biquadratic bu ild ing b lock  can be
rea lized  from a second-order f i l t e r  having any two standard
responses by using a summer ’ . The same applies to
the OA-C f i l t e r s .  However, in  order to have MOS-compatible
71r e a liz a t io n , CMOS in v erter (s ) are required . Any m ulti-
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functional Oa-C second-order f i l t e r  with two or more standard 
responses may be used fo r  the purpose. We demonstrate the 
p r in c ip le  by employing the OA-C f i l t e r  o f  Fig. ^ .5 (c ) .
The complete biquadratic c ir c u it  re a liza tio n , with 
f i l t e r  o f  Fig. 4 .5 (c ) as the basic bu ild ing block (BBB), and 
two inverters i s  shown in Fig. h ,b .  The technique requires 
the summing o f three sign a ls , ^rom the input source and the 
two standard signal outputs o f  the BBB, through an inverting 
summer. In addition , the responses from the BBB are required 
to  be o f  inverting nature. Since the BP response o f  OA-C 
f i l t e r  o f Fig. 4 .5 (c )  is  non-inverting, the additional inverter 
i s  required (only shown in  the symbolic form in  Fig. 4 ,6 ). I t  
may be noted that in -case  the f i l t e r  o f  Fig. 3 .8 (b ) ,  with 
a va ila b le  inverting BP and LP responses would have been used, 
the additional in verter would have been avoided. The cnoice 
o f  tne f i l t e r  only demonstrates a general case.
The analysis o f  the c ir c u it  o f  Fig. 4 .6 give the 
overa ll tran sfer function
V s^ + s O - a a ') + ( t-6 6 ')
T (s) = -^  = H ------------ p--------------------------  (4 .3 )
V. s + sj3 + T
where
C, C
"1 ~C^+ C2 C3  ^ C^
Cl + C2 c^ I krJ-
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C2
Fiq.US General  b iquadrat ic  O A - C  filter.
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Cl
6 = -----  —  . -----^—
Ci+ C2
c c
® = c”  » * = C ’
®1
and
H = -C /(C  C + C 2C ) .  (4 .9 )
2 3 4
I t  i s  noticed  that the c ir c u i t  rea lizes  a general biquadratic 
ch a ra c te r is t ic . Here, the BP and LP responses are d ire c t ly  
ava ilab le  at the outputs o f  OA^  and OA2 , resp ectiv e ly , o f  the 
BBB. The other important standard responses, v i z . , HP, BE, 
and aP, can be obtained through c o e f f ic ie n t  adjustment o f the 
in vertin g  summer. The conditions fo r  the rea liza tion s  o f such 
responses are included in  Table 4 .8 . The exercise  demons­
tra tes  a convenient method o f  rea liz in g  any standard response 
from the second order multifianctional f i l t e r s ,  already studied 
in  th is  th esis .
%
4.3 P ractica l Considerations
Various fa ctors  which a f fe c t  the id ea lized  behaviour 
o f  OA-C f i l t e r s  are considered in th is  section . For a 
re lia b le  performance, due considerations should be given to 
these fa ctors  in  the design and fa b r ica tion  o f the system.
In a p ra ctica l set up, i t  has been found that the follow ing 
fa ctors  play an important ro le  on the overa ll performance o f 
the- f i l t e r in g  systems :
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Table k ,3  ; R ealization  conditions fo r  s p e c i f ic  responses
Response Condition
HP
BE
AP
and
and
C_ = 0
and
'S-, C .
r ~  nr ^
S-,
(1  ^ ) I  C“ >
i )  e f fe c ts  o f  p a ra sitic  capacitors ;
i i )  e f fe c ts  o f excess phase ;
i i i )  dc b ias and s ta b il ity  ; 
iv )  temperature d r i f  and voltage fliactuations ; and 
v) e f fe c t s  o f  input and output impedances and 3-dB 
frequency (w ) o f  OAs.3
These fa ctors  are next discussed in some d e ta ils .
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^ .3 .1  E ffects  o f p a ra sitic  capacitors
In the p ra ctica l fa b rica tion  o f  a M O S-filter, para­
s i t i c  capacitances are almost invariab ly  present. Their 
e f f e c t  may be reduced considerably through a proper layout
o f  the system. At present, standard computer aided layout
92programmes are availab le  fo r  the Job . In addition , in  a
number o f  f i l t e r  topologies the e f fe c t s  o f  p a ra s it ic  capaci-
75tors  may i t s e l f  be included in  the design to  advantage .
In th is  section , the OA-C f i l t e r  o f  Fig. ^ .5 (c ) i s  chosen to 
i l lu s t r a te  th is  point.
Consider the f i l t e r  redrawn in  Fig. ^ .7 , with the
p a ra s it ic  capacitors between the input terminals o f the OAs
and the ground, shown within the dotted l in e s . Here and
C , represent the p a ra sitic  values appearing between the 
^i
inverting  (n) and the non-inverting (p ) input terminals o f 
the ith -a m p lifie r  to ground. Analysis o f  the c ir c u i t  gives 
the fo llow ing esq^ressions fo r  the f i l t e r  parameters ;
C-, C, ^3^n,
and
C2 C5 1/2
'^o = ®1®2* C •  ^ ^
^4n. B„ C„ C. 1/2
Q = (1 + )[  ^  • — -—  ] (^ .10)
S  ®1 ^12P^
-173
v;
Vs-
) -A
^2
Hh-
CPi =
H iiCn] 1  c  
T C u
>
C5
T -o+
-o
Ffg.4-7 O A - C  filter of F ig .^ -5 (c )  w i th  paras ’itic 
capac itors  (I’n d o t te d -b ra nch es ) .
•t
-.1
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where, and resp ective ly  represent = C^+ Cj^  and
C .., = C. + C. + C ..  In the actual design o f  the system, theIJK 1 J K
parasites which are appearing in p a ra lle l with the c ir c u it  
cap acitors  may be absorbed in  them. This not only removes 
the undesirable e f fe c t  o f  the parasites on the performance of 
the f i l t e r ,  but a lso  helps in  the reduction o f  the actual 
values o f  capacitors required in  the fa b r ica tio n . The reduc­
tion  in  C-values i s  an a ttra ctiv e  featu re , as i t  helps in  the 
saving o f  important chip area o f  a m onolithic f i l t e r .
i^.5,2 E ffects  o f  excess-phase
At higher frequencies, when w > 0.1 B, the two-pole
model o f  operational am plifier becomes e f fe c t iv e . The e f fe c t
o f  the second-pole may be represented more conveniently in
terms o f  the excess-phase ( t )  exhibited by operational ampli- 
48f ie r s  . The high frequency model o f  an OA i s  thus represented
by
The excess phase term, exp ( - s t ) ,  causes serious deviations 
in  the performance o f  f i l t e r s  at high frequencies, i . e . ,  above 
few hundred k iloh ertz  fo r  741 type o f  OAs^^. By incorporating 
th is  term in  the analysis, the rea lized  f i l t e r  parameters
deviate considerably from the corresponding 
designed parameters based on the s in g le -p o le  r o l l - o f f  charac­
te r iza t io n  o f  Oa s . Therefore, f i l t e r s  fo r  high frequency
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app lica tion s (above a few hundred k iloh u rtz ), with general 
purpose OAs are required to  be designed using p red istortion
l^ Qformulae already availab le  in  tech n ica l l ite r a tu r e  . These 
re la tion sh ips are given here fo r  convenience :
Q = 0 / ( 1 - 2QWj^ t )
and
I t  i s  evident from eqn. (4 .12 ) that only a s lig h t  s h if t  is  
exh ibited  in  the pole-frequency, i . e . ,  w„ w . However,
K  O
d ra stic  enhancements in  the pole-Q  and f i l t e r -g a in  (Hgp) 
are caused by the excess-phase o f  the am plifiers . This enha­
ncement can make the f i l t e r  o s c i l la t e  at a frequency w^, i f  
the designed Q is  made la rger than
°max = 1/(2 sin t), (^ .^13)
I t  i s  in terestin g  to  note that s e n s it iv it ie s  o f the 
rea lized  f i l t e r  parameters (Qp^ , Hgpj )^ with respect to t are ;
= S > R  .  2Q^  .  . (4.14)
and with Q are
Sq  ^ - ----------------, and ^  . • (4.15)
l-2Qwj^ T ^ l-2QWp t^
These resu lts give a number o f useful in ferences. The Q-
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enhancement depicted in  (4 .1 2 ) is  helpfu l in  reducing the 
capacitors spread in  the rea liza tion  o f  high-Q f i l t e r s .
However, the term has an adverse e f f e c t  on s e n s it iv it ie s  o f 
the f i l t e r .  Using eqn. (4 .15 ) with
. and ( . .1 5 )
where, are parameter Q -s e n s it iv it ie s , the a ctive  and
i
passive Qp^ and Hgpj^  s e n s it iv it ie s  may ea s ily  be evaluated.
(Note that s e n s it iv it ie s  have already been evaluated along 
with the study o f  a f i l t e r ) .  I t  is  evident from the above 
expressions that although the s e n s it iv it ie s  are fa ir ly  a ttrac­
t iv e  at low frequencies, the same may not be true when the 
excess-phase term becomes appreciable. P a rticu la r ly , the Q 
and Hgp s e n s it iv i t ie s ,  at high frequencies, are increased 
appreciably. This makes the s ta b iliz a t io n  o f  t essen tia l fo r  
r e lia b le  operation o f  OA-C f i l t e r s  at higher frequencies, i . e .  
w > 0.1 B. Some schemes fo r  the s ta b iliz a t io n  o f  t have 
already been suggested by Schaumann in  reference 48. More 
work may be persuaded in  th is  d ire ct io n .
4 .3 .3  DC bias and s ta b il ity
OA-C f i l t e r s  are required to  be provided with dc paths, 
fo r  input b ias-cu rren ts and fo r  dc s ta b i l it y . I f  th is  path 
is  blocked due to  a ca p a citor , a high-value r e s is to r  (R) across 
the cap a citor  may serve the purpose, without a ffe c t in g  the
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AC perfonnance o f  the c ir c u it ,  provided R >> 21^ . For 
example, in  the OA-C f i l t e r  o f  Fig. 4 .5 ( c ) ,  high-valued 
r e s is to r s , each o f  about 2 .2  Mohm, were connected across 
the cap acitors  C2 » C^, and fo r  providing the desired 
b iasin g . S im ilarly , fo r  the other f i l t e r  c i r c u i t s ,  discussed 
e a r lie r , the dc paths to input terminals o f  OAs can be 
provided by placing high-valued re s is to rs  across appropriate 
ca p a citors . I f  the c ir c u it  i s  implemented in  m onolithic form, 
MOS am plifiers require very small bias cu rrents, which may 
be provided d ire c t ly  by the leakage resistan ce  o f the c ir c u it  
ca p a citors . A lso, in  M OS-circuits, com patible fa b rica tion  
techniques are now availab le  fo r  fa b rica tin g  high-valued 
re s is to rs  within small chip area, e .g . ,  pinched re s is to rs  
may be fabrica ted  during the IC processing o f  ch ips, as 
discussed earlier^®.
4. 3. 4 Temperature d r i f t  and voltage  flxictuations
It  i s  evident from the param eter-expressions o f  OA-C 
f i l t e r s  that the gain bandwidth product o f  OAs i s  d ire c t ly  
involved in  these expressions. The dependence o f  B on the 
pole-frequency o f  the f i l t e r s  is  in  d ir e c t  v a r ia tion . A lso,
B is  i t s e l f  dependent on temperature and b ias vo lta ge . Thus, 
any temperature or voltage d r i f t  a ffe c ts  the performance o f  
the f i l t e r .  This problem may be circumvented by using 
e x tra -c ir cu its  fo r  temperature s ta b il iz a t io n , p a rticu la r ly , 
i f  xhe c ir c u i t  is  to  be used under varying environmental
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con d ition s. Some c ir c u it s  are already ava ilab le  in  lite ra tu re
52and shall not be discussed here ’ . A lso , a s ta b iliz e d
power supply may be used fo r  providing stab le  dc b iasing.
The problem o f  temperature and voltage variation s is  
not serious on the Q o f the f i l t e r s .  The expressions o f  Q 
show i t  to be dependent on ra t io  o f  Bs. T herefore, any varia ­
tion  in  temperature or voltage tends to n u l l i fy  the e f fe c t  of 
each other. I f  the c ir c u it  i s  in  m onolithic MOS form, enherent 
tracking in  MOS w ill  i t s e l f  make the e f f e c t  in s ig n ifica n t  on 
the Q o f the f i l t e r .
Another parameter which may be s ta b iliz e d  is  the 
excess-phase term ( t ) o f  the OAs, p a r ticu la r ly , f o r  the f i l t e r s  
designed in  the frequency range, w > 0.1 B. This point has 
already been discussed e a r lie r .
4 .3 .5  E ffects  o f  input and output impedances and 3dB- 
frequency (^a) o f OAs
Besides the major am plifiers n o n -id e a lit ie s  already
considered, f in it e  values o f input/output impedances a ffe c t
the performance o f  c ir c u it s , particxolarly, fo r  low gain MOS
am plifiers . A lso, i f  w is  comparable to  w, i . e . ,  at lowd.
frequency o f  operation, e f fe c t  o f  f in ite -w  i s  exhibited on3.
the c i r c u i t ’ s performance.
In tne case o f  MOS am plifiers,, the input impedance is  
very high and i t s  e f f e c t  is  n e g lig ib le . Therefore, the input
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impedance can be considered purely ca p a cit iv e , i . e . ,
Z in (s ) = l / s  The e f fe c t  o f  p a ra s itic  capacitors has
already been discussed in Section  4 .3 .1 .
The im p lifie rs  output impedance can be considered to 
be dominantly r e s is t iv e . This actu a lly  increases the order 
o f  the f i l t e r  by one fo r  each am plifier used in  the c ir c u it .  
Thus, a second-order two OAs f i l t e r  becomes a fourth -order 
f i l t e r .  For an exhaustive an a lysis , each f i l t e r  c ir c u it  has 
to  be analysed separately, as i t  is  d i f f i c u l t  to  generalize 
the resu lts . In p ra ctice , th is  i s  however not required, as 
the dominant e f fe c t  o f  f in it e  output resistan ce is  only on 
the s lig h t  sh ift in g  o f  the dominant p o le -p a ir  (w^,Q). The 
add ition al two poles and a few zeros thus produced, generally 
do not pose danger to  in s ta b ility  as long as the capacitive 
e f fe c t  do not cause a serious loading o f  the am plifier.
In the present woric, the e f f e c t  o f  f in it e  3dB-frequency 
(w ) has not been considered, as higher frequency operaxion 
o f  the c ir c u it s  are emphasized. However, in  case w is  compa-Q,
rable to the frequency o f  operation, i t s  e f f e c t  is  exhibited 
on performance o f  the c ir c u it s . For low frequency o f operation
g
with T = o, the am plifiers dc gain is  given ^y» . I t
a
has been shown in  reference 73 that the rea lized  value o f  pole-Q 
and pole-frequency su ffe r  slight deviations from the nominal 
values. The relationsh ip  between the rea lized  and nominal 
values are given by :
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Qjjj = Q ( 1 ----------   ) (^ .17)
and
w 1/2
''om= “ o w u o
where, 0^^^ and are the measured values, and the higher-
order terns having n e g lig ib le  in ference have been omitted.
In the case o f  band-pass response, the a f fe c t  s h ifts  the
zero o f  the f i l t e r  to -w .a
The various n o n -id ea lit ie s  considered in  th is section  
only s lig h tly  a ffe c t  the p ole -frequ en cy , in  case the varia­
tion s  in  Bs o f OAs are s ta b iliz e d  against voltage and tempera­
ture d r i f t s .  The deviation  in  the Q-values may be high, 
p a r ticu la r ly , at frequencies which con stitu tes  an appreciable 
fra c t io n  o f  the gain bandwidth product o f  the OA employed, 
due to  the introduction  o f  the excess-phase term. This 
th ere fore , requires a more carefial design using eqn. (^ .1 2 ). 
A lso, s ta b iliz a tio n  o f  i  i s  recommended at such a frequency- 
range.
4, 4 R ealization  o f Hlgher-Order F ilters
In the op-amp based active  synthesis, h igner-order 
f i l t e r s  (say, nth-order) are conveniently rea lized  through 
the cascade form synthesis^*^’ ^^’ ®"^ . As discussed e a r lie r , 
the technique con sists  o f  rea liz in g  nth-order f i l t e r  by 
employing a non-in teractive cascade o f  n /2 second-order
2Q w
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sedtion s, acting as the basic build ing blocks (BBBs), in  
case n is  even. In the case o f  odd n, a f i r s t  or th ird-order 
se ction  i s  add ition a lly  required. The nth-order tran sfer 
function  T(s) can be w ritten as
n/2
T(s) = T T  T (s )  (4 .19)
i= l ^
where, n is  the order o f  overa ll f i l t e r  and has been assumed 
even fo r  convenience. The voltage tran sfer function T i(s ) 
o f  a general basic building blocks is  o f the form ;
2m. s + c . s d.
T i(s ) = i i  (A.20)
s + a^s + b^
w ith
1/2
Wo = (t> )^ and Qp = ----------------------------------(4 .21 )
Pi i  a^
An important advantage o f the approach l i e s  in  the convenience 
o f  tuning. As shown in  (4 ,2 0 ), ind ividual section s may be 
tuned separately fo r  the important parameters before  cascading 
to  provide the overa ll desired response.
For the rea liza tion  o f the overa ll response, the in d i­
vidual sections are f i r s t  designed. This requires each 
section  to  be characterized by a high input and low out impe­
dances. The low output impedance is  ensured i f  the output is  
taken at the output terminal o f an OA v th is  is  the case with 
most o f the second-order active  section s . In case, th is does
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not hold, a b u ffer  stage w ill be required. The requirement 
o f  high input impedance can conveniently be obtained through 
a proper design o f a f i l t e r  section . This a lso  helps in  
minimizing the inband lo sse s . In the case o f  OA-C f i l t e r ,  
the use o f  MOS Oas further helps in ensuring the high input 
impedance. A lso, as the c ir c u it s  employ only C -ratios as 
passive device, use o f  low C-values not only helps in  econo­
mizing the chip area, but a lso  in presenting high impedance 
le v e ls .
For the design o f a cascaded f i l t e r ,  the decomposition 
o f  a tran sfer function  is  required. The ch oice  o f  optimum 
p o le -ze ro  pairing and gain d is tr ib u tion  becomes very important 
fo r  maximizing the dynamic range and providing the desired 
s e n s it iv ity  properties to the f i l t e r .  This aspect has been 
discussed in  d e ta ils  in  Reference 87. The sequencing o f subse­
c t io n  a lso  has a dominant e f fe c t  on the s ig n a l-oo -n o ise  ra tio , 
which i s  discussed in  Reference 28.
4 .4 .1  Design example
In th is  section , design o f  a fou rth -order Butterworth 
low-pass f i l t e r  is  considered. The f i l t e r  i s  rea lized  by 
cascading the second-order low-pass section s o f  the c ir c u it  
given in  Fig. 4.5 (b ) . The cascaded f i l t e r  is  shown in Fig. 
(4 .8 ) .
The overall tran sfer function  o f the f i l t e r  is  given
by
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VI
T^2
C8
Fig.^.8 Cascaded  fo u r th -o rde r  O A - C  low^pass 
filter.
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Cl C
T(s) -  - o ______________ I 2 3 4 _______________
-  V, ■ . o C. C, ,  C„ C
 ^ (s^+sBp*T7^  + Bn Bp* w ^ ) (s^+sBp* ^^+-638 7^?^ )
d  ^  ^ ^12  ^ ^78  ^ ^ 5 6
(^ .22)
From ( 4. 22) ,  the pole-frequency and pole-Q  o f  individual 
section s are respective ly  given by ;
C. 1 /2  C, B, C-, 1/2
'•^ ol " ^®1®2 ’ °1 "  ^  ^  ^
and
C. 1/2  Co B. C. 1/2
^^ 02 "  C^5  ^ ’ ^2 "   ^  ^ • ^^*25)
The expressions c le a r ly  demonstrate the f l e x i b i l i t y  available 
in  the design and the convenience o f  tuning present in  the 
individual section s.
Next, the two cascaded section s are designed to  rea lize
a fou rth -order Butterworth response fo r  a pole  frequency
f  = 100 KHz. The standard Butterworth denominator polynomial o
and tne corresponding Q-values fo r  the two section s are avai­
la b le  in  Reference 87. Tne Q values are foxind to  be : Q^ = 1.31f 
and Q2 = 0 . 54 . Assming the use o f  op-amps, CA31^» with gain 
bandwidth products, B^  = ^2 " ®3 = S/+ = ^*5 MHz, equation 
( 4. 23) g ives the follow ing re la tion sh ips :
C^  = 0 .00049^2 ' (^ .24)
C^  = 0. 0172980^ (^ 2 5 )
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and
Cy = 0.0^2845Cq . (^ .27)
On p rese lectin g , C^, C^, and Cy as l l lp F , 220 pF, l llp F , 
and 470pF, resp ectiv e ly , the fin a l C-values are obtained a s :-
= 111 pF, = 224.66 nF, = 220 pF, = 12.7 nF,
= 111 pF, = 224.66 nF, = 470 pF, Cg = 10.95 nF
(4 .28 )
The designed c irc io it  w il l  a lso  be experimentally v e r i­
fie d  in  Section (4 ,5 ) .
4.5 Experimental Results
In th is section , e^qjerimental v e r if ic a t io n s  on the 
d is cre te  versions o f  some o f  the f i l t e r s  studied in th is  
chapter are included. The experimental in vestiga tion s can be 
broadly c la s s i f ie d  linder three subsections. In Section  4 .5 .1  
the experimental resu lts  on f ir s t -o r d e r  low-p'ass and high-pass 
f i l t e r  sections are given. The resu lts  on the second-order 
LP and BP f i l t e r s  are included in  Section  4 .5 .2 . These f i l t e r s  
have been designed fo r  high frequency operation using predis­
to r t io n  technique, discussed in  Section  4 .3 . F inally  in 
Section  4 .5 .3 , e:>qperimental v e r i f ic a t io n  on a fou rth -order 
f i l t e r ,  rea lized  through the cascade form synthesis approach 
and designed in  Section  4 .4 .1  is  given.
= 0.000^9^5 (^ .26)
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4.5 .1  F irst-ord er  OA-C f i l t e r s
The f ir s t -o r d e r  LP and HP sections o f  Fig. 4 .1 (c ) 
and 4 .2 , resp ective ly , were designed and tested  experimen­
t a l ly .  Both the sections were designed to  have the same 
c u t - o f f  frequency o f  55.7 KHz. For the f i l t e r  rea liza tion ,
OAs LM 741, were employed, with a measured value o f gain 
bandwidth products (B) o f  0.9 MHz at + 15 V supply. On prese­
le c t in g  C2 = 0.1 the value o f came out to  be 6.5 nF 
from the re la tion sh ip , w  ^ = BC /^Cj_2 * c ir c u it  rea liza ­
t io n , p o ly ster  capacitors o f  1 percent to leran ce were employed. 
The designed c ir c u its  are included in  Figs. 4,9 and 4.10. In 
the e3Q)erimental set up, high-valued re s is to rs  o f  2.2 Mohm 
were connected between the output and inverting  input termi­
nals o f  OAs fo r  providing dc bias and s ta b i l it y  to  the 
c i r c u i t s ,  without a ffe ctin g  the performance.
The experimental resu lts  on the c ir c u it s  are shown in  
Fig. 4.9 and 4.10, resp ectiv e ly , fo r  the LP and the HP 
se ctio n s . I t  i s  observed that even without resortin g  to  
tuning, the experimental resu lts  are in  good conform ity with 
the design.
0 E lectron ic tu n a b ility  ; To demonstrate tu n a b ility , the high- 
pass section  o f  Fig. 4.10 (a) was considered. The bias voltage 
Vg was varied  from + 6V to + 18 V. The spot-values o f the 
c u t -o f f  frequencies are included in  Table ^ .9 , which show a
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—  THEORETICAL
—  EXPERIMETAL
DESIGNED OBSERVED
fo 55-7KHZ 55-6KMZ
6*6nF
^^2
-o
(b)
30 60 100 f
KHz
( 3 )
Fig.^-9 (a) Designed f i r s t -o rder  LP-sect ion  of Fig.4-1 (c) 
(b) Per fo rmance  curve
-  THEORETICAL 
-- EXPERIMETAL
DESIGNED OBSERVED
fo 557KHZ 55-65KHZ
Fig.^-10 (a) Designed f i r s t -order  H P - sec t ion  of Fig-^-2. 
(b) Performance curve.
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corresponding variation  from 39*7 KHz to  59.5 KHz. Thus, 
in  the recommended range o f  the b ias voltage fo r  7^1-type 
o f  Oa s , a tu n ab ility  o f nearly 50 per cent was observed.
I t  may be noted that corresponding v a r ia tion  in  B was also 
50 percent. The resu lts c le a r ly  demonstrate the e f fe c t  of bias- 
voltage con tro l on B fo r  providing e le c tro n ic  tu n ab ility  over 
an appreciable range.
Table A-.9 : Variation o f B and f^^ with bias voltage (Vg)
4 .5 .2  Second-order OA-C f i l t e r s
The second-order f i l t e r  o f  Fig. 4 .5 (c )  was used in  the 
design o f  LP and BP responses using CA 31^0 BiMOS OAs. These 
am plifiers were found to  have a measured value o f B o f  4.5 MHz. 
The BP f i l t e r  was designed fo r  three sets o f = ^*7, 11.6 ,
and 32.4) at a resonance frequence ( f^ )  o f 653.8 KHz.
A L P -fi lte r  having Butterworth response was also 
designed fo r  a c u t -o f f  frequency o f  200.4 KHz. As th is  frequency 
o f  operation forms an appreciable fra c t io n  o f  B o f  the OAs, 
p red istortion  technique, discussed in  Section  4 .3 , was employed,
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along with the parameters given in  Table 4 .6 . The follow ing 
parameters were used from the RCA s p e c i f ic a t io n -  sheet :
X = 17 ns, = 4 pF. The designed values o f  the components
are given in  Table 4,10 and 4.11 fo r  BP and LP cases, respec­
t iv e ly . The c ir c u it s  were fabrica ted  using d is cre te  capacitors 
o f  1 percent tolerance. The dc feed-back and s ta b i l it y  was 
provided by using 4.2 Mohm re s is to rs  across the capacitors C2 . 
and C^.
The frequency responses o f  BP and LP f i l t e r s  are inclu ­
ded in  Figs. 4.11 and 4.12, resp ectiv e ly . The experimental 
resu lts  given in  Tables 4.10 and 4,11 c le a r ly  demonstrate a 
c lo se  agreement between the theory and the esq^eriment. I t  may 
be noted that the reported resu lts  were obtained without 
resorting to tuning. In the design, large-valued  capacitors 
were d e lib era te ly  choosen to  minimize the e f fe c t s  o f  p arasitic  
capacitances. In a m onolithic MOS fa b r ica tio n , actu a lly  low­
valued ca p a citors , in  few pecofarad-range, are recommended fo r  
use to  economize the chip area and a lso  to  present high- 
impedance le v e ls  in  the c ir c u it ,
4, 5 .3  Higher-order Oa-C f i l t e r s
In th is  se ction , experimental resu lts  on a fourth -order 
^ow-pass Buttervorth f i l t e r  already designed fo r  a c u t -o f f  
frequency f^ = 100 KHz in Section 4 .4 .1 , are given . The 
component values are available in  eqn, (4 ,2 8 ). The f i l t e r
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Fig.402 Frequency response curve of LP filter of Fig 4-5 (c)
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Table 4.10 ; Design values and experimental resu lts  o f BP 
f i l t e r  o f Fig. 4 .5 (c )
Parameters Designed Experimental Component values
fo 653.8 KHz 652 KHz = 0.72 nF, = 0.11b nF
= 0.112 nF,C^ = 0.62 nF
4.7 4.6 = 2.27 nF, = 0.121 nF
“ r 11.6 11.8 = 0.325 nF,C^ = 9 .6  nF
%
32.4 32.5 = 0.117 nF,C^ = 4.63 nF
Table it. 11 : Designed values and experimental resu lts  o f LP
f i l t e r  o f  Fig. 4 .5 (c )
Parameters Designed Experimental Component values
^0 200.4 KHz 199.5 KHz C^  = 47.7 nF, = 2.23 nF,
(Uj^= 0.707) C^  = 70 nF, C  ^ = 4,7 nF,
C^  = 2 .2  nF and C^=47.3 nF
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DESIGNED O BSE RV ED
fo IOOKHz 100-2 KHz
KHz
Fig.^-13 Frequency  r e s p o n s e  curve of B u t te r -w or th  
fo u r th -o rd e r  l o w - p a s s  filter of Fig.^-8-
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was fabricated  in  the laboratory  with, CA 3 1 ^ , OAs, having 
»
measured values o f  gain bandwidth products ; = B2 = =
B  ^ = 4.5 MHz, at a bias o f 15 V, as assumed in  the design. 
Good quality  cap acitors  with in  1 percent tolerance were 
employed in  the c i r c u i t  fa b r ica tio n . The dc bias and s ta b ility  
to the c i r c u i t  was provided using high valued re s is to rs  o f 3.3 
Mohm each, across the capacitors C^, and Cy.
The frequency response o f  the f i l t e r  i s  shown in  Fig. 
^ .1 3 . The observed value o f  the c u t -o f f  frequency was found 
to  be 100.2 KHz, without c i r c u i t  adjustments. This presents 
an ex ce llen t agreement with the design.
4 .6  Concluding Remarks
In th is  chapter, material related  to the cascade 
approach to  OA-C synthesis has been presented. F irst, the 
basic bu ild ing b locks con stitu ted  by f i r s t -  and second-order 
f i l t e r  section s were considered. F irst-o rd er  OA-C sections 
rea liz in g  important responses were rea lized  and studied.
Their important areas o f  app lica tion s were a lso  mentioned.
The second-order f i l t e r  se ction s , which con stitu te  the back­
bone o f  the cascade form synthesis were then rea lized  and 
studied"^. Emphasis was placed on the m ultifunctional capa­
b i l i t i e s  o f  the f i l t e r s  to  su it  the m onolithic fa b rica tion .
The f i l t e r s  were studied on the basis  o f  th e ir  convenient
The remarks include the second-order f i l t e r s  already realized 
and studied in  Chapter 3-
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re a liz a tio n  o f low-to-meciiura-Q values and medium-to-high Q 
values. I t  was a lso  shown that these f i l t e r s  present 
s u f f ic ie n t  design f l e x ib i l i t y ,  a very a ttra ctiv e  performance 
figu re  of xhe studied Oa-C second-order f i l t e r s  i s  th e ir  low 
s e n s it iv ity  properties in  the frequency range, where the 
f i r s t -p o le  r o l l - o f f  model is  app licab le .
R ealization  o f  higher^order f i l t e r s ,  using the cascade 
form synthesis, was a lso  considered. A p ra c tica l design o f a 
fou rth -ord er f i l t e r  was included. This design has also been 
v e r i f ie d  experimentally with convincing resu lts .
A section  has been devoted on the e f fe c t s  o f non- 
idealness on the performance o f  f i l t e r s .  Tne e f fe c t  o f
p a ra s it ic  capacitances has been studied. I t  was shown that
by a proper design, these may be help fu l in  saving cnip area 
o f  a m onolithic f i l t e r .  As such, the p a ra s it ic  capacitances 
may oe reduced by carefu l layout and routing o f  the c ir c u its . 
The e f fe c t  o f  excess-phase at frequencies w > 0.1 B, may be 
serious and resu lt in  the d rastic  enhancement o f  pole-u  and 
gain o f  f i l t e r s .  I t  was recommended to  use the predistortion  
technique in  the design o f  f i l t e r s  at higher frequencies.
A lso, T -s ta b iliz a tio n  may be used. The e f f e c t  o f  excess- 
phase has a lso  been exhibited on s e n s it iv it ie s  o f  the f i l t e r s ,  
which may pose serious problems at higher frequencies. The 
e f f e c t  o f  temperature and voltage  d r i f t s  r e f le c t s  on tne Bs
o f the OAs. This a ffe c ts  the pole-w^ o f  the c ir c u it .
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Temperature s ta b iliz a t io n  o f  B and use o f s ta b iliz e d  dc 
supply were recommended, p a rticu la rly  under changing 
environmental conditions.
Ejqperimental v e r ifica x io n s  on some f i r s t - ,  second- 
and higher- order f i l t e r s  were performed. In a l l  the cases, 
the resu lts  were found to be in  good conform ity with the 
theory. The OA-C f i l t e r s  were shown to provide a promising 
c la ss  o f  f i l t e r s  fo r  rea liza tion  in  the contemporary MOS 
technology. The use o f only OAs and ra tioed -ca p a citors , 
along w ith the m ultifunctional ca p a b ilit ie s  con stitu te  the 
major m otivation fo rce  fo r  th e ir  MOS implementation. These 
c ir c u i t s ,  in  addition , enjoy re lia b le  high frequency 
performance.
C H A P T E R  5 
REALIZATION AND STUDY OF OA-C OSCILLATORS'*'
5 .0  Introduction
T h is  c h a p t e r  i s  b a s ica lly  c o n c e rn e d  w i t h  th e  rea liza ­
tion  and study o f  OA-C type o f o s c i l la t o r s .  A number of 
techniques are examined fo r  the rea liza tio n  o f  o s c illa to rs  
in  the OA-C form. These may be c la s s i f ie d  as :
i )  negative resistance approach^^,
i i )  negative capacitance approach^^,
i i i )  frequency dependent p o s it iv e  resistance (FDPR) 
approach, and
iv ) analog computer based approach.^^ *
The f i r s t  three techniques, considered in  Section  5 .1 . are 
based on the d ire ct  form synthesis approach and extensively 
use the immittance simulators studied in  Chapter 2. Some 
additional o s c il la to r s  have been rea lized  in  Section 5 .2 , 
using the state  variable or analog computer based approach. 
Besides these c ir c u it s , o s c i l la to r s  can a lso  be realized 
d ire c t ly  from some second- or higher- order f i l t e r  c ir cu its . 
Such o s c il la to rs  have been considered in  Section  5 .3 .
The o s c il la to r s  are c r i t i c a l ly  studied fo r  th e ir  
performance. Important performance-parameters, such as.
The material presented in  th is  chapter has led  to  the pub­
lic a t io n  o f  the author's paper nos. 2 ,5  and 7, l is te d  on 
page v i i .
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s e n s it iv ity , s ta b il ity  o f ch a ra c te r is t ic s , tu n a b ility , and 
high frequency performance, are ca re fu lly  considered. These 
c ir c u it s  are a lso  examined fo r  th e ir  s u ita b il ity  to  the 
implementation in MOS technology. Experimental results 
are included to  supplement the theory.
5 .1  D irect Form Synthesis o f  OA-C O sc illa to rs
In th is  section , three techniques to  the d ire c t  form 
synthesis o f  o s c il la to r s  are studied. These are ( i )  negative 
resistance (NR) approach, ( i i )  negative capacitance (NC) 
approach and ( i i i )  frequency dependent p o s it iv e  resistance 
(FDPR) approach to the rea liza tion  o f  o s c i l la to r s  in  the 
OA-C form.
The starting point in  such d ir e c t ‘ form synthesis 
approaches is  the passive RLC-tuned c i r c u i t .  This c ir c u it  
may be in  p a ra lle l or series  or mixed forms. The tuned 
c ir c u i t  can be made to o s c i l la t e ,  provided the e f fe c t iv e  
loss-term , constituted  by the e f fe c t iv e  resistan ce o f  the 
c i r c u i t ,  is  s lig h tly  over compansated. The over compansa- 
tion  helps in  the building up o f  the o s c i l la t io n s . In th is  
section , starting from the series  or p a ra lle l or mixed 
prototype RLC-tuned c ir c u it s , OA-C o s c il la to r s  are realized  
by u t iliz in g  the appropriace negative immittance simulators 
from Chapter 2. The performance o f the o s c i l la to r s  is  
studied in d e ta ils . In each category, both, fixed  and
198
va ria b le  frequency o s c il la to r s  have been considered.
5 .1 .1  Negative resistance based Oa-C o s c il la to r s
0 Basic theory
The method o f  rea liza tion  o i o s c i l la to r s  from the 
se r ie s  and the p a ra lle l tuned c ir c u it s  i s  f i r s t  discussed. 
Consider the passive RLC-parallel tuned c i r c u i t  with a 
negative resistance ( r' )  connected across i t ,  as shown in 
Fig. 5 .1 (a ) . For the c ir c u it  to o s c i l la t e ,  the negative
59resistan ce  must sa tis fy  the relationship-'^"
R 1- R" > 0. (5 .1 )
The frequency o f o s c il la t io n  is  then given by
w^  = (1/LC )^/2. (5 .2 )
S im ilarly, in  the case o f  se r ie s  RLC-tuned c ir c u it ,  
having a negative resistance (R^  ) as shown in  Fig. 5 .1  (b ) ,  
the con dition  o f o s c il la t io n  is  se t by
R + r' < 0 . (5 .3 )
The frequency o f o s c il la t io n s  is  once again given (5 .2 ) .  The
basic problem of rea liz in g  an o s c i l la t o r ,  th ere fore , b o ils
down to the substitution  o f  appropriate c i r c u i t  components 
by th e ir  corresponding OA-C sim ulators. For the rea liza tion  
o f  Oa-C o s c i l la to r s , the res ista n ce , the negative resistance, 
and the inductance are to be replaced by OA-C simulators
( a )
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F i g .5-1 Bas ic  negat ive-res i stace  based osci l lators;
(a) Using paral le l  R L C - tu rn e d  circuit.
(b) u s ing  ser ies  R L C - t u r n e d  circuit.
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studied in  Chapter 2. I t  may be noted that one-to-one 
replacement o f components w ith the idea l Oa-C simulators 
would be highly undesirable. This w il l  bring the unattrac­
tiv e  feature o f large component count, requirement of 
c r i t i c a l  component matching and, in  some cases, re s tr ic t io n  
over the working frequency range. Therefore, in  th is  
chapter, multiple-component replacement w il l  be used fo r  the 
rea liza tion  o f the low component, fixed  and variab le  frequency 
o s c il la to r s  in the OA-C form. In most o f  the cases, rather 
than startin g  from the simple ser ies  or p a ra lle l tuned 
c i r c u i t ,  mixed (non -ideal) RLC-circuits w ill  be used to 
bring in  saving in component-count, with ava ilab le  immittance 
simulators o f  Chapter 2.
0 Fixed frequency o s c i l la t o r s '^
An OA-C c ir c u it  rea liz in g  NR-based o sc illa :to r  is  shown 
in  Fig. 5 .2 (a ) . The basic prototype fo r  the c ir c u i t  ( I )  
con sis ts  o f  a p a ra lle l RLC-tuned c i r c u i t  (TC). I t s  lo s s -  
element is  compansated by connecting across the TC, a compan- 
sation  c ir c u it  ( I I ) ,  con stitu tin g  a parallel-com bination  o f 
-R and C.
9
In the o s c i l la to r  re a liz a tio n , the c ir c u it s  I and II  
are, resp ective ly , constitu ted  by the RLC-tuned c ir c i i i t  o f
In th is  chapter, the term 'Fixed Frequency' is  used in 
referin g  to those c i r c u i t s ,which do not have convenient 
tu n ab ility  o f  frequency with passive component con trol.
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Fig. 5-2 la )  N R -b a se d  f ixed - f requency  O A - C  oscillator
(b) N R - b a s e d  va r iab lc - f re que ncy  O A - C  
osci l lator.
2 0 2
F ig .2 .4  and the negative resistan ce sim ulator o f Fig. 2.18.
D irect analysis o f th is o s c i l la t o r ,  using the s in g le -p o le
r o l l - o f f  characterization  o f  OAs, g ives the con dition  o f
\
o s c il la t io n s  as
(s.**). £ 2
and the frequency o f o s c il la t io n  as
Co 1/2 
^1+ ^2
I t  is  evident that fo r  th is  c i r c u i t  the condition  and 
the frequency o f  o s c illa t io n s  are interdependent. This makes 
the rea liza tion  su itab le fo r  design o f  fixed  frequency o s c i­
l la t o r .  I t  may be noted that as the con dition  o f  o s c illa t io n s  
i s  in  terms o f ratioed-Bs and ratioed-C s, the c ir c u i t  w ill 
remain highly stab le , p a rticu la r ly , i f  fabricaxed in  the MOS- 
form.
0 Variable-frequency o s c il la to r s
In th is  th esis , the Variable-Frequency O sc illa to rs ’ 
w il l  imply those o s c i l la to r s , where convenient frequency 
tu n a b ility  with passive component con tro l e x is ts . The NR- 
based variable  frequency OA-C o s c i l la t o r  is  shown in  Fig. 
5 .2 (b ) ,  Here the c ir c u its  I and II are, resp ectiv e ly , co n sti­
tuted by the RLC-tuned c i r c u i t  o f  Fig. 2.3 and the negative 
resistance simulator o f  Fig. 2 .18. For the c ir c u it ,  the
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con d ition  and tne frequency o f  o s c il la t io n s  are respectively  
given by
(5 .6 )
and
C .  1/2 
 ^  ^ C^+ Cj
I t  is  evident that the c ir c u it  possesses tne convenient 
passive -con tro l o f  frequency o f o s c i l la t io n  with C^, without 
disturbing the condition  o f  o s c il la t io n s .
I t  has already been shown in  Chapter 2 that the inser­
tion  o f  C-attenuator at appropriate points o f  a c ir c ii i t  resu lt 
in  xhe enhancement o f  some desirable parameters and also lend 
passive tu n ab ility  to  the c ir c u i t .  In case the two o s c i l la ­
tors o f  Fig. 5 .2  are m odified by in sertin g  C-attenuators 
bet’vi/een A and 3, the c ir c u it  o f Fig. 5 .2 (a ) a lso  becomes a 
passive tunable o s c i l la to r  and the c i r c u i t  o f Fig. 5 .2 (b ) 
gets an additional degree o f  tu n a b ility . In the modified 
cases, the condition  o f o s c il la t io n s  fo r  the c ir c u it s  remain 
unaltered and are given by (5 .^ ) and (5 .6 ) .  However, the 
frequencies o f o s c illa t io n s  fo r  the c ir c u it s  o f Fig. 5 .2 (a ) 
and (b ) ,  respective ly , become
"'oa = “ oa (5 .8 )
and
Ob "  " o b
where
x^h = (1 /K )^ /^  (5 .9 )
c
2 0 ^ +
K = 1 + 7::  ^ • (5 .10)
a
I t  is  evident that the m odified c ir c u i t  o f  Fig. 5 .2 (a ) now 
exh ib its  independent passive tuning with and/or C .^ The 
OA-C o s c i l la to r  o f  Fig. 5 .2 (b ) ,  with C -attenuator, encorporates 
passive control o f frequency with and/or C^, in  addition to 
that with C .^ In both the c ir c u it s ,  the e lectron ic  tunability  
i s  a lso  present with the b ia s -v o lta g e  con tro l.
These o s c il la to r s  have desirable s e n s it iv ity  properties. 
The resu lts  o f s e n s it iv ity  analysis g ive the follow ing a ttrac­
t iv e  se n s it iv ity  expressions :
3 oa» Ob  ^ < 1 /2  .
SpOa’ ^ob|  ^ 3_/2 and < 1 /2  ( 5 . 1 1 )
^a '^ b
where, i  = 1 , 2 and J = 1 , 2 , 3 .
5 .1 .2  Negative capacitance based QA-C o s c il la to r s
B asica lly , the RLC-tuncd c ir c u i t  discussed in  the 
previous subsection can y ie ld  negative capacitance (NC)-based 
o s c il la to r s  by applying the s-transform ation on the admittances 
o f  the c ir c u it s , as shown in  Fig. 5.5^^. This transformation 
resu lts  in  CRD-tuned c ir c u it s .  For the rea liza tion  o f o s c il la ­
to rs , an appropriate negative ca p a citor  (C ')  is  to be inserted.
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ORIGINAL CIRCUIT t r a n s f o r m e d  c i r c u i t
5-----------
1  ^  <: C l
c
r  =ci  4  :
3-----------
/
_c S  d= D ^
(>--------------- )----------- ------ f—
:r
(a )
(b)
F)'g.5.3 Ba s i c  N C - b a s e d  o s c i l l o r s ;
(a) P a r a l l e l  c ircu it  and  its t ransformed  
ve rs ion.
( b )  S e r i e s  c i rcu i t  and its t r a n s f r m e d  
v e r s i o n .
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For the p a ra lle i-v e rs io n  o f  tne CRD-circuit of Fig. 5 .3 (a ) , 
the condition  o f o s c i l la t io n  is  given
(C  ^ c ' ) < 0, and c '  < 0 (5-12)
and the frequency o f  o s c i l la t io n  is
= (1/RD )^/? (5 .13)
In the series-CRD c ir c u it  o f Fig. 5 .3 (b ) ,  the condition
o f o s c il la t io n  is  expressed as
(C C' ) > 0, and C' < 0. (5 .14)
The frequency o f  o s c i l la t io n  remains unaltered and is  given
by (5 .1 3 ). The problem then b a s ica lly  b o ils  down to  the 
rea liza tion  o f R, D and parameters using the OA-C immi- 
ttance sim ulators. Other comments, included on the basic 
theory in  Section 5 .1 .1 , equally apply to  present class  o f 
o s c i l la t o r  c ir c u it s .
0 Fixed-frequency o s c il la to r s
As has been mentioned e a r lie r , though the basic 
theory fo r  o s c i l la t o r  re a liza tio n  has been developed in terms 
o f  simple p a ra lle l or ser ies  tixn ed -circu its , the p ra ctica l 
rea liza tion s  generally use more complex prototypes fo r  
obtaining low-component o s c i l la to r s . In th is section , two 
OA-C o s c i l la to r s , shown in  Fig. 5 .4 , are realized  fo r  the 
fixed  frequency design. Each con sis t o f prototype ( I ) ,
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P A R A M E T E R S : 
C = C2, D =
R = -
02 C3 
1 ^3 4
C2 02 C4 
C3
F i g . 5 .A (a) and ( b ) : N C - b a s e d  f ixed- f requency  
OA — C o s c i l l a t o r s .
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rea liz in g  a mixed CRCD-network, which is  appropriately 
compansated by a second network ( I I )  fo r  the desired rea liza ­
tion s. For o s c i l la t o r  o f  Fig. 5 .M a ), the c ir c u it  I con sist 
o f  a series  C-D network, which is  connected in  p a ra lle l to  a 
[C|1(R -  -C ) ] - c ir c u i t  ( I I ) .  The c ir c u it s  I and II are, 
resp ectiv e ly , rea lized  by using the immittance simulators 
o f  Fig. 2.9 and Fig. 2.22 from Chapter 2. The analysis o f 
the c ir c u it  g ives condition  and frequency o f o s c il la t io n  as
I
Bi
Bp C^ -*-
(5 .15 )
and
Cp C- 1/2
w_i= [B.B -----^  ^  j . (5 .16)
^1^ ^2 ^3^ ^4
The second o s c i l la t o r  o f Fig. 5. Mb) i s  obtained as 
fo llow s . The c i r c u i t - I I  o f  Fig. 5 .M a ) , a fte r  interchanged 
inverting and non-inverting input terminals o f the OA, rea lizes  
the complex equivalent c ir c u it  shown in  Fig. 5* M b). This is 
compansated by using sim ulator o f Fig. 2 .18, rea liz in g  a 
p a ra lle l RC-combination. The con dition  and frequency o f 
o s c i l la t io n  are resp ective ly  given as :
B, C, Cp C,
^  = - 2 -  [ -  1] (5 .17a)
o r
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Si
—  = (1 -  K2) -  K2 (5.17b)
and
C. C, 1 /2
-2 - ]  (5.18a)
7 r  r ^ ^12 ^34
or
K, 1/2
w = [ B,B — ^  ] (5 .18b)
°2 1+K^
C 1
where, C. > = C. + and K-, = ~  , K« = --------------  .
 ^ J   ^  ^ C^/C^
These o s c il la to r s  are once again found to  have the 
a ttra ctiv e  feature o f  having con dition  o f  o s c i l la t io n  in  the 
form o f ratioed-Cs and -Bs. E lectron ic tu n a b ility  is  a lso  
a va ila b le , but independent passive tianing is  not p oss ib le .
0 Variable-frequency o s c i l la t o r
The th ird  o s c i l la t o r  c i r c u i t  is  shown in  Fig. 5 .5 - In 
th is case, the c i r c u i t - I  re a liz e  the [ ( R -  -C -  D) | | C ]- 
function . This c ir c u it  i s  obtained by connecting a grounded 
ca p a citor  [C^] in  p a ra lle l with c i r c u i t - I .  The con dition  
and frequency o f o s c il la t io n  o f the c i r c u i t  are given by
—  = —  ( 5 . 19 )
=2 =3
and
1/2
"o " t ®1®2- 1 • 5^ -20)
A very a ttra ctiv e  feature o f  the c ir c u i t  is  shown by (5 .1 9 ).
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Fig. 5.5 NC-;based  v a r i a b l e - f r e q u e n c y  O A - C  
osc i l l a to r .
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I t  i s  found that the o s c i l la t o r  has the con dition  o f o s c i l la ­
tion s only in  terms o f ratioed -C s, which may be designed in  
the MOS-technology in  high grade o f  p recis ion  and s ta b il ity . 
The absence o f  B /or B -ratio  from the expression ensures much 
wider range o f e le ctron ic  tu n a b ility  o f the c ir c u i t ,  without 
d isturbing the con dition  o f  o s c il la t io n s .
This c ir c u it  may a lso  be extended to incorporate 
passive tu n ab ility  by in sertin g  C-attenuator between point 
A and B, as shown in  the Fig. 5 .5 . The resu lting  c ir c u it  
o s c il la te s  at a frequency.
1/2
= "o  (5 .2 1 )
°3 °3
With the condition  o f  o s c i l la t io n  being given by (5 .1 9 ). The 
passive con trol o f  frequency is  made p oss ib le  with Ca and/or ' 
and the feature o f  wide e lectron ic  tu n a b ility  i s  s t i l l  
retained.
The s e n s it iv it ie s  are evaluated and are found to  be 
a ttra ctiv e . These are svunmarized below :
and
where i  = 1 ,2 .
=1
I < 1 /2
212
5 .1 .3  Frequency dependent p o s it iv e  resistance ( FDPR)-based
OA-C o s c il la to r s
The FDPR-based o s c il la to r s  can be derived from the 
negative resistance based o s c il la to r s  by employing the 
s -transform ation on the admittances, as shown in  Fig. 5*6. 
The process converts the negative resistance (R^  ) in to  
frequency dependent p o s it iv e  resistance (FDPR), , the 
resistance (R) in to  an FDNR (D ), the capacitance (C) in to  a 
frequency dependent negative capacitance (FDNCaP), F, and 
inductance (L) in to  a capacitance (C ).
The FDPR-based o s c i l la to r  derived from the simple 
p a ra lle l and ser ies  prototypes are resp ective ly  show in  Fig. 
5 .6 (a ) and (b ) .  In the case o f  p a ra lle l c ir c u it  the condi­
tion  and frequency o f  o s c il la t io n  can be shown to  be given 
by
D + d'  < 0 (5 .22 )
and
Wq = (C /F )^ /2, (5 .23 )
In the FDPR-based o s c i l la to r  from the series  c i r c u i t ,  the 
frequency o f  o s c il la t io n  is  given by (5 .2 3 ) but the condition  
o f  o s c il la t io n  becomes
D + d'  >  ^ 0 . (5 .24)
f
As has already been discussed in  the previous two
^13
ORIGINAL CIRCUIT t r a n s f o r m e d  CIRCUIT
(a)
(b)
Fig. 5-6 Bas ic  F D P R - b a s e d  osci l lators. '
(a) us ing  p a r a l l e l  C F D - c i r c u i t ^
(b) us ing  ser ie s  C F D - c i r c u i t -
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subsections, the p ra ctica l OA-C FDPR-based o s c il la to r s  are 
generally  derived from mixed prototypes, rather than from 
the simple p a ra lle l and ser ies  prototypes. A c lev er  choice 
o f  mixed prototype, with an eye on the ava ilab le  immittance 
sim ulators o f Chapter 2, can re a liz e  atitractive o s c i l la to r  
c ir c u it s ,  both fo r  fixed  frequency, as w ell as, variable 
frequency operations.
0 C ircu it rea liza tion
Consider the o s c i l la to r s  shown in  Fig, 5 .7 (a ) . I t  
uses c i r c u i t - I ,  con stitu tin g  a ser ies  combination o f  C, u \  
and F, and a compensating c i r c u i t - I I ,  rea liz in g  a s e r ie s - 
combination o f  C and D parameters. C ir cu its -I  and I I  are 
rea lized  by the corresponding immittance simulators o f Fig, 
2 .24  and Fig. 2 .9 , resp ectiv e ly . The condition  and frequency 
o f o s c il la t io n s  of the resiiltin g  o s c i l la t o r  are derived as
Bo C, C,.
(5 .2 5 )
Bi C^_ C^
and
C.C, 1/2
B B ,. ------------^ ----------  ] (5 .26 )
^1^2 ^12* ^34
where, C. . = C. + C..
XJ X J
The o s c i l la to r  c i r c u i t  o f  Fig. 5 .7 (b ) can d ire c t ly  be 
obtained by interchanging the inverting and non-inverting
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( b)
F i g .5-7 (a) O A - C  o s c i l l a t o r  rea l ized w i th  F D P R -  
based app ro ach .
(b) O A - C  o s c i l l a t o r  ob ta ined  by
in te rchan g ing  the invert ing  and n o n ­
inver t ing  input  t e r m i n a l s  of OAs  in the 
c i rcu i t  (a).
2 1 6
input terminals o f a l l  the Oas "^ . The con dition  and frequency 
o f  o s c il la t io n  o f  the resu ltin g  c ir c u i t  are s t i l l  given by
(5 .25 ) and (5 .2 6 ).
Both the c ir c u it s  incorporate the general features o f 
OA-C o s c il la to r s  o f  having the condition  o f  o s c il la t io n s  in 
terms o f  C -ratios and B -r a t io s , and e le ctron ic  tu n a b ility  with 
bias voltage con tro l. The c ir c u it s ,  as such, are su itab le  
only fo r  fixed  frequency design, as independent passive control 
o f i s  not ava ilab le .
Variable-frequency o s c il la to r s  may be obtained from 
the above c ir c u it s  by in sertin g  C-attenuator between nodes 
A and B o f  the o s c il la to r s  o f  Fig. 5 .7 . The resu ltin g  
c ir c u it s  have the con d ition  o f  o s c il la t io n s  given by (5 .25 ) 
and the frequency o f  o s c il la t io n s  becomes
1/2
(1/K) . (5 .27 )
I t  i s  evident that passive tu n a b ility  is  now present with 
and/or C-j^ .
The s e n s it iv ity  expressions fo r  the variable-frequency 
o s c il la to r s  are
= 0 ,  R = 1 /2 , < 1 /2  , (5 .28)
This c ir c u it  can a lso  be obtained from i t s  basic prototypes
through the use o f appropriate sim ulators o f  Chapter 2.
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and
w * 
a b
where, i  = 1 ,  2, 5, These figu res are once again in  agree­
ment with the s e n s it iv it ie s  obtained fo r  the previous o s c i l la ­
tors .
5 .2  Analog Computer Based O sc illa to r
The analog computer method to  the rea liza tion  o f  sinu­
so id a l o s c il la to r s  finds a ttra ctiv e  implementation in  the 
active-C  form. The basic scheme is  shovkTi in Fig. 5 .8 , which 
uses a non-inverting and an inverting in tegra tor in  a c lo se d -
loop  con figuration . The sysxem is  represented by the d ifferen - 
,93t ia l  equation'
d^v„(t)
— 7 ^  -  = C. (5 .2 9 )dt
The solu tion  o f eqn. (5 .2 9 ) i s
v^ (t) = A Sin (w^t r 0-) (5 .50)
where the phase-angle (0 ) depends upon the in it ia l -c o n d it io n s .
In a ctu a lity , some form of regeneration must be added 
to  ensure the bu ild ing up o f  the o s c i l la t io n s . To obtain 
th is  regeneration, the lo ca tion  o f  pole  o f  the inverting 
in tegra tor may be adjusted so that i t  moves in to  the right 
h a lf o f  the s-plane. I f  and Kp are, re sp ectiv e ly , the
2i8
F ig .5-8 S inuso ida l  o sc i l l a tor  rea l iza t ion  based  on 
ana log  computer  method.
■ - V .
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constants o f the non-inverting and the inverting in tegra tors , 
then the frequency o f  o s c il la t io n  is  given by
1/2
“ o '  t*'-! *^ 2^  • (5 .31 )
This scheme is  implemented here in the active-C  form 
to re a liz e  fixed  frequency and variable-frequency o s c il la to r s .
0 C ircu it rea liza tion
The analog computer scheme fo r  the rea liza tion  o f 
sinusoidal o s c i l la to r  requires one o f the two in tegrators to  
have an adjustable p ole . Such an inverting non-ideal integra­
to r  i s  shown in  Fig. 5 .9 , which has the tra n sfer  function  :
T (s )  = - " i -----  (5 .32 )
 ^ "12 ^3^
where, Cj. Equation (5 .3 2 ) c le a r ly  shows that the
pole  o f  inverting in tegra tor can ea s ily  oe moved in to  tne 
r ig h t-h a lf s-plane by the adjustment o f  C -ra tios . This feature 
is  required fo r  regeneration in  the o s c i l la t o r  c i r c u i t .  The 
analog computer scheme o f Fig. 5 .8  fo r  rea liz in g  sine-wave 
o s c i l la t o r  is  implemented in  the Oa-C form, as shown in Fig. 
5 .10. The c ir c u it  uses an OA as a simple non-inverting 
integrator and the c ir c u it  o f  Fig. 5 .9  as inverting in tegrator 
with ad justab le-pole . Using the s in g le -p o le  r o l l - o f f  model o f 
the OAs, the follow ing condition  and frequency o f  o s c illa t io n  
are obtained ;
r  ■
^ 2 0
C2
Vi
F ig .5.9 Inverting integrator  w i th  adjustable-po le.
Inverting integrator with adjustable -pole
OUTPUT
F ig .5-10 The O A - C  o s c i l l a t o r  rea l ized  w i t h  
a n a lo g  computer  m e thod .
_ £ it  
C2 ’ C3
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(5 .33 )
and
or
C. 1/2
Wq = [ B^B2 . —  ] , (5.34a)
^12
C, 1/2
= B[ ^  ] , with = B2 = B. (5.34b)
^12
I t  i s  evident from above equations that the c i r c u i t  can* 
conveniently be adjusted with and/or to  g ive  sustained 
o s c il la t io n s . The o s c i l la t o r  a lso  has the a ttra ctiv e  features 
o f having the condition  o f  o s c i l la t io n  independent o f  Bs o f 
the OAs, and quadrature outputs at the outputs o f  OA^  and OA2 .
The c ir c u it  i s ,  however, su itab le  fo r  the design o f 
fixed-frequency o s c i l la t o r  due to  the interdependence o f the 
elements in  (5 .3 3 ) and (5 .3 4 ). A s lig h t  m odification  in  the 
c ir c u it  converts i t  in to  a variable-frequency o s c i l la t o r ,  with 
independent passive tu n a b ility . For the purpose, a C-attenuator 
may be inserted between nodes A and B. The resu ltin g  condition  
o f o s c il la t io n s  remains invariant and is  given by (5 .3 3 ). The 
modified frequency o f  o s c i l la t io n  is  given by
(1/K )^ /2 (5 3 5 )
where K = (1 + C,/C ) .  This c ir c u it  has various a ttra ctiv eu 3
features, such as ; ( i )  the con dition  o f  o s c il la t io n s  being 
only in  terms o f  ratioed-C s, i . e . ,  independent o f  B s/ratioed-Bs,
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( i i )  independent e le c tro n ic , a s -w e ll-a s , passive parameter 
con tro l o f frequency being p oss ib le  over a wide range. The 
c ir c u it  a lso  possesses a ttra ctiv e  s e n s it iv ity  properties 
given by ;
w' w'’
S °
and
ISc c I < 1 /2
wnere, i  = 1 ,  2, 3,
5 .3  Some Other OA~C O scilla tors
Three additional o s c i l la t o r  c ir c u its  are now examined.
These have been derived d ir e c t ly  from the second-order tran sfer
functions, having a p o le -p a ir  which can be pulled  on to  the
42Jw-axis by the adjustment o f the c ir c u it  parameters .
0 C ircu it-A
Consider in  the c i r c u i t  shown in  Fig. 5 .1 1 , the point 
P ungrounded with an input signal applied to  i t .  With OAs 
characterized by the s in g le -p o le  r o l l - o f f  model, the tran sfer 
function o f  the c ir c u it  is  given by
B, I  (S .B ,
" V° = 2 ^3 ^2 ^1 ^3
 ^ ^12 ^12 ^3^
where, C^j “ ^i c ir c u it  to o s c i l la t e ,  the
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complex p o le -p a ir  must be pulled on to  the jw -ax is. This 
requires
C C
^  -  B ,. = 0 .  (5 .37 )
r r^3^ 12
Therefore, the condition  o f  o s c il la t io n  is
^1 _ ^12  ^ ^3 
®2 ^2 ^34
(5 .38 )
Now with point P grounded and (5 .38 ) s a t is f ie d , the c ir c u it  
w il l  o s c i l la t e  at a frequency given by
C-, C. 1 /2
- r  ■ r  ^‘'12 ‘'3'*
I t  is  evident from (5 .3 8 ) and (5 .39 ) that the c ir c u i t  is  
su itab le  as a fixed -frequency o s c il la to r .
0 C ircuit-B
Following a sim ilar l in e  o f analysis fo r  the o s c i l la to r  
C ircu it-B  o f  Fig. 5 .12 , i t  can ea s ily  be shown that the c ir c u it  
w ill o s c i l la te  with the condition  and frequency o f  o s c il la t io n s  
(Wq^ ) given by (5 .38 ) and (5 .3 9 ), resp ectiv e ly . Thus, the 
c ir c u it  a lso  rea lizes  a fixed-frequency o s c i l la to r .
Note, both the c ir c u it s  A and B possess a ttra ctiv e  
s e n s it iv ity  p roperties given by :
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= 1 /2 , and < 1 /2 ,
^1»^2
where, i  = 1 ,  2 , ,3 ,  and k .
0 C ircu it-C
The th ird  o s c i l la to r  c ir c u it  i s  shown in  Fig. 5.15.
I ts  d ire c t  analysis gives the follow ing con d ition  and fre ­
quency o f  o s c il la t io n s  :
B, K.
- i  = ( . i.U O )
Bi K,
and
1/2
w^= [B^B  ^ ( l -^ K ^ ) ]  (5 .41)
where, ^2 "
Once again the c ir c u it  i s  found to re a liz e  a fix e d - 
frequency o s c i l la to r  o f  the previous type. This c ir c u it  can, 
however, be converted in to  a variab le  frequency o s c i l la to r  
with passive parameter con tro l by in sertin g  a C-attenuator, 
e ith er between nodes A and B or between C and D. The condi­
tion  o f o s c il la t io n  remains undisturbed and given by ( 5 . ^ ) ,  
but the frequency o f o s c il la t io n s  is  m odified to
< c  = [B3^B2.(a-K^K2)]^/^ (5 .^2)
where
a = 1/K = -----^  , (5.^5)
C + C, a b
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k:
1
2
1
2
(i-ot) a
a-Kj_K2
a
a -  K^ K2
where, a =
and Ko =
C3 +
, = -
C^ -»- C2
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I t  i s  evident from (5 .^2) that the OA-C o s c i l la t o r  provides
independent passive con tro l o f frequency by C and/or C, .3l 0
The se n s it iv ity  figu res fo r  the o s c i l la t o r  c ircu it-C  
have a lso  been evaluated and the f in a l resu lts  are given in 
Table 5.1» where i t  is  seen that the a ctive  s e n s it iv it ie s  are 
sim ilar to  those o f e a r lie r  c ir c u it s  o f th is  section . The 
passive s e n s it iv it ie s  appear to  be high, as a d ifferen ce  terms 
occur in  the denominator o f  the s e n s it iv ity  expressions. 
However, these can be made comparable to  e a r lie r  cases througn 
a ca re fu l design.
5.  ^ Experimental Results
In th is  secxion, three o f  the o s c i l la t o r  c ir c u its  
considered in  th is chapter were designed'and experimentally 
v e r if ie d . One c ir c u it  each from the follow ing categories 
have oeen cnosen fo r  experimental v e r if ic a t io n s  :
i )  Fixed-frequency o s c i l la to r ,
i i )  Variable-frequency o s c i l la t o r ,  
i i i )  Analog computer based o s c i l la t o r  (having condition  
o f  o s c illa t io n s  independent o f  B /B -ra tio ).
In the th ird  case, the advantage o f  wide-range tu n a b ility  at 
a s in g le -se tt in g  o f  the condition  o f  osc illa tion s(w h ich  is  
only in  terms o f C -ra tios  and independent o f  B -ratios) has 
oeen c le a r ly  broughtout through tne experimental resu lts .
The f i r s t  and the th ird  c ir c u its  are a lso  examined from the
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p o in t-o f-v iew  o f  e le ctron ic  tu n a b ility  through the b ias- 
vo ltage  con tro l. A ll the c ir c u it s  were designed using 
general purpose m onolithic OAs and d iscre te  capacitors o f
1 percent tolerance.
5 .^ .1  Fixed-frequency o s c i l la to r
The OA-C o s c i l la t o r  o f  Fig. rea lized  through
the negative capacitance .(NC)-approach, was designed and 
experimentally tested . Dual operational am plifier LM 747, 
was employed fo r  the c i r c u i t ,  having a measured value o f  
B = 1 MHz at i  15 V. The c ir c u it  was designed using eqns. 
5 .17 (b ) and 5 .1 8 (b ) fo r  a fixed  frequency fo  = 185 KHz. The 
designed c ir c u it  i s  shown in  Fig. 5 .1 4 (a ). A trimmer was 
used fo r  to  adjust the con dition  o f o s c il la t io n s . Also, 
fo r  providing the desired biasing and s ta b il it y  to  the c ir c u it ,  
high valued re s is to rs  each o f  2 .2  Mohm were connected between 
the inverting input and output terminals o f  the OAs. On 
te s t in g , the o s c i l la t o r  was found to  rea lize  good quality 
sinusoidal waveforms. The deviation  in  experimental resu lt 
from the design was found to  be only 1 percent in  the entire 
range o f experimentation. The experimental wave-form at the 
designed frequency o f 185 KHz is  shown in  Fig. 5 .1 4 (b ).
Although th is  c ir c u it  is  lacking passive tu n a b ility , 
i t  may be used as a v o lta g e -c o n tr o lle d -o s c il la to r  (VCO).
For testin g  the e le c tro n ic -tu n a b ility  o f  the c ir c u it ,  the 
b ia s-vo lta ge  was varied from _+ 6V to  + 18V, and the corres-
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1 2 2 0
(a ) ( b )
X Frequency
N
X
iC
Bias v o lt a g e  ( v o l t s )
(c)
Fig.5.H  l a ) - D e s i g n e d  O A - C  osci l lator  of Fig.5-4(b).
( b ) - T h e  output  w a v e - f o r m  of the 
designed circuit (Wq =370 A Krad/sec) -
( c ) -V a r i a t i o n  of frequency  and output-voltage  
w ith  b ia s— contro l  for the  des igned  
circuit of (a).
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ponding varia tion s in  frequency were observed to  be frcan 138 
kHz to  188 kHz. Thus, over the recommended working range o f 
b ia s -vo lta g e , a varia tion  in  frequency o f  36 percent was 
p ra c t ica lly  obtained. A lso, in  the entire  range, the output 
voltage o f  the o s c i l la to r  was found to  be reasonably constant, 
without using external s ta b iliz a t io n . The experimental 
resu lts  are shown in  Fig. 5 .1 ^ (c ).
5 .4 .2  Variable-frequency o s c i l la to r
The o s c il la to r  o f  Fig. 5 .2 (a ) , obtained through the 
negative resistance (NR)-approach, was designed and tested 
as a passive component con tro lled  variable-frequency o s c i l la ­
to r , in  the frequsicy range o f  10 KHz to 1 .14  MHz. The 
c i r c u i t  was designed using RC-5140 Bi-MOSFET input OAs having 
a measured value o:' B o f  4.2 MHz. The designed values o f 
components were fovnd to  be ; = 110 pF, = 100 pF, =
44 pF, = 1 nF ani = 33 pF to  100 nF (v a r ia b le ). A 
v a r ia b le -ca p a cito r  C^ )^ was used fo r  covering the desired 
frequency-range fron 10 KHz to  over 1 MHz. The va ria tion  o f 
frequency o f  o s c i l la io n s , with, a = 1/k  (= is  shown
in Fig. 5 . 1 5 . In thi p ra ctica l operation o f  the c ir c u i t ,  i t  
was observed that abae 100 kHz, the condition  o f o s c il la t io n s , 
given in  eqn. (5 .4 ) ,  nee adjusted was found to  hold over a 
wide range o f  frequency ( f o r  over a decade). However, at 
lower frequencies, mor frequent adjustments were required in 
fo r  maintaining goo* quality wave-form. This is  probably
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F ig .5-15 Variation of f requency  (fo) w ith
for  the O A - C  o s c i l l a t o r  of F i g -5-2 (a)
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because the s in g le -p o le  r o l l - o f f  ch aracteriza tion , a ( s ) = B /s,
>r
94
with w >> w , does not s t r i c t ly  hold at low er-frequencies fo r3l
RC-3140 operational am p lifiers , which have w = 2n krad/sec3.
5 .4 .3  Analog computer based o s c i l la t o r
The variable-frequency o s c i l la to r  o f  Fig. 5 .10 , realized 
through the analog computer method, has the a ttra ctiv e  feature 
o f having the condition  o f o s c il la t io n s  independent o f B or 
B -ra tio . This feature is  ejq)ected to make the c ir c u i t  widely 
tunable over a p a rticu la r  settin g  o f  the con dition  o f o s c i l la ­
t io n s .
F irs t, the c i r c u i t  was designed to  re a liz e  an o s c i l la to r
tunable over the range o f  10 to  425 KHz with passive component
con tro l. In the design, JLM 741 CN, OAs with the measured
values o f  Bs o f  1 MHz were used. Using (5 .3 3 ) and (5 .3 4 ),
the o s c i l la t o r  was designed with the fo llow ing component
values : pF, = 135 pF, = 133 pF, = 127 pF
(trim m er), = 128 pF and = 24 pF to 470 nF (v a r ia b le ).
The con dition  o f  o s c il la t io n s  was adjusted by using a trimmer
fo r  C .^ The designed frequency range was covered with the
va ria b le -ca p a cito r , C^. Note, high-valued res is to rs , each of
2.2 Mohm across C , C-, and C ,, were used to  provide necessarya -L j
d .c . biasing/and to add s ta b il ity  to the c ir c u it .  Once the 
con dition  o f  o s c il la t io n  was adjusted with C^, the o s c i l la to r  
was found to cover the entire  range o f frequencies by varying 
C^, without needing any readjustments in  the con dition  o f 
o s c il la t io n s . The va ria tion  o f  frequency o f  o s c il la t io n  with
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Fig.5.16 Variation of frequency with o < ( = ^ % a b )  for 
designed O A - C  o sc i l l a to r  of Fig.5.10*
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a (= C /C i s  shown in  Fig. 5 .16 . I t  may be noted that
3. QD
the wide-range tu n a b ility  at a s in g le -se tt in g  o f  the condi­
tion  o f  o s c il la t io n s  was p oss ib le  with th is  c i r c u i t  due to  
the absence o f Bs in  the con d ition  o f o s c il la t io n s .
A v o lta g e -c o n tr o lle d -o s c il la to r  was a lso  designed.
The b ia s -v o lta ge  was varied froiu + 6V to  + 18V and the corres­
ponding variation s in frequency were observed from 553 kHz to 
434 kHz (over 43 percen t). The output voltage o f  the o s c i­
l la t o r  was a lso  found to remain fa ir ly  constant over the 
en tire  range, without using additional amplitude s ta b iliz a t io n . 
A lso, no readjustment in  the condition  o f  o s c il la t io n s  were 
required. The experimental resu lts  are shown in  Fig. 5.17.
5 .5 Concluding Remarks
In th is  chapter, various o s c il la to r s  using OA-C 
components were considered in d e ta ils . Three c la sses  o f 
o s c i l la to r s , using the d ire ct  form approach, were realized  
and studied. These included o s c il la to r s  based on : ( i )  negative 
resistance (NR)-approach, ( i i )  negative capacitance (NC)- 
approach, and ( i i i )  frequency dependent p o s it iv e  resistance 
( FDPR)-approach. R ealization  o f  both fixed  and passive 
component-variable o s c il la to r s  were included. The study o f 
the c ir c u it s  showed that in  most o f  the cases, the condition  
o f  o s c il la t io n s  was found to  be in  terms o f  B -ratios and C- 
ra tios  and the frequency o f o s c il la t io n s  to  be in  terms of
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Bs and C -ra tios . These features make the c ir c u it s  highly
su ita b le  fo r  implementation in  the m onolithic MOS tech- 
_56 70—73nologjr ' where the ratioed-components can be implemented
in  high p recis ion , s ta b i l it y ,  and wide-range tracking. The 
d ire c t  p roportion a lity  o f frequency (w^) with B a lso  imparts 
e le c tro n ic -tu n a b ility  to  a l l  the c ir c u it s ,  which is  a desired 
feature fo r  m onolithic c ir c u it s .
The o s c i l la to r  rea lized  through the analog computer 
approach was a lso  found to  have the a ttra ctiv e  properties 
mentioned above. This c i r c u i t ,  along with, the o s c i l la to r  of 
Fig. 5 .5  were found to have the additional a ttra ctiv e  features 
o f  having the condition  o f  o s c il la t io n s  only in  terms of C- 
ra tio s  and quadrature outputs at the outputs o f  two integ­
rators . This makes the c ir c u it s  tunable over a wider range 
with both p a ss ive -con tro l, a s -w e ll-a s , e lectron ic , con tro l, 
at a s in g le -se tt in g  o f the con d ition  o f  o s c i l la t io n s . This 
proves out to  be very advantageous, p a rticu la r ly , in  the case 
o f  d iscre te  form c ir c u it s , where tracking in  B cannot be 
maintained over a wide range. The point has a lso  been proved 
out e3q)erimentally. In addition , three more c ir c u its  were 
rea lized  d ire c t ly  from th e ir  tra n sfer-fu n ction s. Their proper­
t ie s  were found to  be sim ilar to  o s c il la to r s  rea lized  through 
the d ire ct  form approach.
The study o f a l l  the c ir c u it s  showed a ttra ctiv e  sensi­
t iv i t y  p roperties . As the frequency o f  o s c il la t io n  is  d ire ct ly  
proportional to  B fo r  a l l  the c ir c u it s  ; fo r  o s c illa to rs
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designed fo r  fixed -frequency operation, temperature compan- 
sation  and use o f  regulated power supply is  recommended.
The experimental resu lts  on the c ir c u it s  were a lso  found to  
be in conform ity with the theory presented in  the chapter. 
The o s c il la to r s  considered are highly a ttra ctiv e  fo r  high 
frequency operation and a lso  have s u ita b il ity  to MOS-micro- 
m iniaturization.
C H A P T E R  6 
WIDE RANGE ELECTRONICALLY TUNABLE OTA-C FILTERS'!'
6 .0  Introduction
The previous chapters were, b a s ica lly , concerned with 
the rea liza tion  and study o f  f i l t e r s  and o s c i l la t o r s ,  which 
were su itab le  fo r  high frequency app lications and were also 
a ttra ctiv e  to  implement in  the m onolithic MOS-technology.
The use o f dynamic response o f operational am plifiersin  
the design resulted in  the r e lia b le  high frequency perfor­
mance, and the use o f only operational am plifiers and ratioed -
capacitors made them a ttra ctiv e  fo r  m icrom iniaturization in
70-75the MOS technology . A feature which i s  very important 
to  an analog integrated c ir c u it  i s  i t s  wide-range e lectron ic  
tu n a b ility , since varia tion  o f  passive parameters is  not 
p oss ib le  in ICs. Most o f the OA-C c ir c u it s  exh ib it lim ited  
tu n ability  with b ias-vo ltage  con tro l. The tunable range being 
generally lim ited  to  le s s  than a decade. Moreover, parameter 
con tro l by varying the b ia s-vo lta ge  is  not a very desirable 
method.
In th is and the subsequent chapter, we study another 
c la ss  o f  f i l t e r s  and o s c i l la to r s , hence-forth , ca lled  as the 
OTA-C c ir c u it s . These c ir c u it s  employ Operational Transcon-
The material presented in  th is  chapter has led  to  the 
publication  o f  author's paper Nos.10,11 and 12, l is t e d  on p a gev ii.
2 3 8
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ductance Am plifier (OTa ) as the active  device, along with 
ca p a c ito rs /ca p a c ito r -ra tio s . This makes the OTa-C networks
su itab le  fo r  implementation in  the m onolithic MOS technology ”  
A lso, the large bandwidth o f  a p ra ctica l OTa (BW 2 to 10 
makes these c ir c u its  su itab le  fo r  re lia b le  high frequency perfor­
mance. Two additional a ttra ctiv e  features o f the device are :
76 8 2
( i )  Wide-range lin e a r  tu n a b ility  ( ~  3 to  6 decades) o f
:on
.99
i t s  transc ductance gain (g^ ^^ ) w ith con tro l-cu rren t
or voltage
( i i )  Convenient conversion from d if fe r e n t ia l  voltage contro­
l le d  current source (DVCCS) to  d if fe r e n t ia l  voltage 
con tro lled  voltage source (DVCVS) by the use o f a 
bu ffer-sta ge . The b u ffe r  may be ava ilab le  on IC-chip 
i t s e l f ,  e .g . ,  LM 13600/ LM 13700.
The f i r s t  feature is  responsible f o r  the a ttra ctive  wide- 
range e lectron ic  tu n a b ility  o f the OTA-based c ir c u it s .  This 
makes them highly su itab le  fo r  applications in  automatic con­
t r o l ,  music synthesis, speech synthesis, instrumentation
74systems, communication systems, etc . The second feature 
o f  using OTAs as e ith er a con tro lled  current source or as a 
con tro lled  voltage source generally makes the OTA-based rea liza ­
tion s economical in  component count. Probably no existing  
approach to  the design o f m onolithic analog c ir c u it s  simulta­
neously enjoys the desirable features discussed above.
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The present and the next chapter, deal with OTA-based 
f i l t e r s  and o s c il la to r s , resp ectiv e ly . The organisation o f  
th is  chapter is  as fo llow s. The basic bu ild ing blocks fo r  
the rea liza tion  o f  OTA-C c ir c u it s  are considered in  Section
6 .1 . These co n s is t  o f  programmable in tegra tor  (P I ), f i r s t -  
order f i l t e r  sections and C -m ultip lier. The c ir c u it  rea liza ­
tion s, a s -w e ll-a s , deta iled  studies are included. In Section
6 .2 , second-order OTa-C f i l t e r s  are rea lized  and th e ir  
c r i t i c a l  performance studies are made. Three categories o f 
c ir c u it s ,  based on the number o f standard responses available 
from them, have been considered. The rea liza tio n  o f  higher- 
order f i l t e r s  is  included in  Section 6 .3 . F inally, the 
concluding remarks are given in Section  6 .4 .
6.1 Basic Building Blocks fo r  OTA-C C ircu its
In th is  section , those basic bu ild ing blocks (BBBs), 
which are extensively used in  the re a liza tio n  o f OTa-C 
f i l t e r s  and o s c illa to rs , are considered. These are :
i )  OTa-C programmable in tegra tor  (P I );
i i )  OTA-C f ir s t -o r d e r  f i l t e r  section s , rea liz in g  low- 
pass, high-pass and a ll-p a ss  ch a ra cte r is t ics ; and
i i i )  OTA-based C -m ultiplier.
These c ir c u it s  are now examined in  d e ta ils .
2 4 1
6 .1 .1  OTA-C profirammable in tegra tor
The c ir c u it  o f  OTA-based programmable in tegra tor (PI) 
i s  shown in Fig. 6 .1 . In the re a liza tio n , the OTA is  loaded 
by a capacitor to  create the desired in tegrating e f fe c t .  In 
order to make the output load  in sen s it iv e , a b u ffer  stage may 
be employed in  the rea liza tion . An OTa i s  a d i f fe r e n t ia l-  
p a ir  with variable  b ias. The relationsh ip  between i t s  trans­
conductance (gjjj) and b ia s -con tro l current (Ig ) i s  given by
^  ^  (fa .i) 
V ,  2V j
where, i s  the equivalent therm al-voltage. The transfer 
function  o f  the PI may ea s ily  be derived as
m/ _ \  ^o ®m r i l  k t ^TpjCs; = —  = —  = L ----------  J. -  = -  (b .2 )
v^ sC  ^ 2C.V^ ® ®
In
where, k (=577-77-  ) i s  the in tegration  constant. The expre- 
ssion  shows the c ir c u it  to  rea liz e  an idea l in tegra tor with 
a programmable-gain (k ) , d ire c t ly  proportional to  the b ia s- 
con tro l current Ig. This makes the c ir c u it  e le c tro n ica lly  
tunable over several decades. This PI w il l  be employed 
extensively as a basic bu ild ing block in  the rea liza tion  o f 
f i l t e r s  and o s c il la to r s .
7 k
2^2
( 0 )
Fig.6.1: (a) Programmable Inligrator and its 
(b) symbolic rcprcsenlation.
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OTA-C f ir s t -o r d e r  f i l t e r  sections
As has already been pointed out in  Section  ^+,1, the
f ir s t -o r d e r  low-pass, high-pass and a ll-p a ss  sections play
an important ro le  in the rea liza tion  o f  odd-order and higher- 
52order f i l t e r s  . In this chapter, some o f  them a lso  have
been u t iliz e d  in  the rea liza tion  o f  standard second-order
f i l t e r s .  In addition , these sections are usefu l in
74 7Qinstrumentation and communication applications The
f ir s t -o r d e r  OTA-C sections have the added important feature 
o f  wide-range e lectron ic  tu n ab ility  with Ig /V g -con tro l.
In Figs. 6 ,2  to  6 .4 , low-pass (LP), high-pass (HP) 
and a ll-p a ss  ( aP) f ir s t -o r d e r  OTA-C circx iits  are shown.
Routine analysis has been used in  deriving th e ir  tran sfer 
functions, which are included in Table 6 .1 .
0 Low-pass section
Two f ir s t -o r d e r  OTA-C section s , rea liz in g  LP-responses, 
are shown in  Fig. 6 .2 . The c ir c u it  o f Fig. 6 .2  (a ) rea liz e s , 
L P -ch aracteristics , with e le c tro n ica lly  tunable gain (Hj )^ and 
pole-frequency (Wq) .  However, independent tu n a b ility  o f  H^  
and w^  is  not present in  th is  section . The c ir c u i t  of Fig. 
6 .2 (b ) employs an additional OTA. However, th is  increase in  
the a ctive  component is  ju s t i f ie d  by the c ir c u i t  not only 
having tunable-parameters, but a lso  having independent e le c tro ­
nic tu n ab ility  o f  pole-frequency with I^ (a s , g Iq ) ,  and
“ 2 ®2
o f the gain with l „  (as , g„ I-q ) .
1 1 X
2kU
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‘B,
-  9m
( q )
" ' I  (b) -
i
V.
FIG.6.2.’ First order OT A-C low-pass scclion v/ilh (a) inter.dependent gain and (b) independent adjustable-^ ain.
FIG.6.3 First-order OTA-C high-pass section
v r
Cl
9m-
(b)
FIG.G.i.'Two First-order OTA-C all-pass sections.
V.
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Table 6.1 ; C haracteristics o f  f i r s t  order OTA-C section st
Fig.No. Type Transfer function
6 .2 (a ) Low-pass
6 .2 (b ) Low-pass
6 .3 High-pass
6 .4(a)
6. 4(b)
A ll-pass
A ll-pass
where,
where, = g^^/C^,
s H, . s
T, (s )  = ------------  =
^  s^ -w^
where, = 1 , w^  =
= H.
s+w
-  0
where, = 1 , w' = g^/C^, w^  = Sn/Ci •
With = Cj = C, w^  = w; = g ^ C .
V " >
s-gmi/Cj^ s-w
s+gm2/^2
H
s+w.
where. = 1. . w^ 8 m /C r
8m ^= «m- Cj^ = C :
" o  =■ “ i  '  ■
t  In a l l  the cases, g_ c>c 1^ .
2 ^
0 High-pass section
The c ir c u i t  o f Fig. 6 .3  rea lizes  high-pass character­
i s t i c s  with a constant gain (Hj^  = 1) and e le c tro n ica lly  tunable 
c u t - o f f  frequency (w^). The c ir c u i t  uses a low component count 
o f  only one OTA and one cap a citor  in  i t s  re a liza tio n .
0 A ll-pass section
Two OTa-C c ir c u its  fo r  the rea liza tion  o f  AP-response 
are included in  Fig. 6 .^ . The f i r s t  c i r c u i t  employs only one 
OTa and two equal-valued ca p a citor , whereas, the second 
c ir c u i t  uses two OTAs o f matched gains and one capacitor.
These c ir c u its  provide unity-gain  and the phase relationsh ip  
is  given by :
T wC , 2wCVm
0 = n-2 tan" ( —  ) =* %~2 tan"-^ [ --------- ] .  (6 .3 )
The c ir c u its w ill  find  wide app lications as e le c tro n ica lly  
tunable two-quadrants phase-sh ifters. I t  may be noted that 
on interchanging the input-term inals o f  OTAj_ in  Fig. 6 .4 (b ) , 
the bass equalizer o f  Reference 79 is  obtained, with the 
tra n sfer  function  given by
T (s)=  ------------ (6 .4 )
 ^ Sm^
0 PerforiBanee study
The important performance aspects o f  the fir s t -o r d e r
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section s are now considered. F irst, the Iticreamental sensitivity 
s ta b il it y  and tu n a b ility  aspects are examined. The c ir c u its  
then designed and v e r if ie d  experim entally.
• S e n s itiv ity  study -  Increamental s e n s it iv it ie s  o f  important 
c i r c u i t  parameters have been evaluated with respect to  active  
and passive components. The resu lts  o f such an analysis have 
been included in  Table 6 ,2 .
I t  i s  evident from the tab le  that the nominal values o f
Hthe g a in -se n s it iv ity  (S „ ) , the w -s e n s it iv i t y  (S „ ) and the w_-
X  o X  o
s e n s it iv ity  (S ° ) ,  with respect to the active  parameters, as- 
w e ll-a s , to the capacitors are e ith er  equal to  zero or \inity 
in  magnitude. A lso, f o r  each parameter, the sum o f s e n s it iv i­
t ie s  with respect to  a ctive  and passive components is  found 
to  be z e r o ?  The resu lts  may be summerized as :
jS(H, ; x^) I < 1
and
E ^ 2  = 0, (6 .5 )
^i F
where, F = H, w^, and w '. Thus, the c ir c u it s  exh ib it a ttra ctive  
s e n s it iv ity  p roperties.
• S ta b ility  -  The tran sfer fu n ctions, included in  Table 6 .1 , 
c le a r ly  demonstrates the c ir c u it s  to  be unconditionally  stable , 
where the poles are always confined to  the l e f t - h a l f  o f  the 
s-plane.
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• Tunability -  The OTA-C f ir s t -o r d e r  f i l t e r s  have an important 
advantages over the corresponding OA-C section s in  having 
wide-range e lectron ic  tu n a b ility  o f  important c ir cu it  para­
meters with current or voltage con tro l. This aspect has 
already been described e a r lie r .
0 Experimencal resu lts
The low-pass, high-pass and a ll-p a ss  sections were 
designed and experimentally v e r if ie d  on the d iscre te  version 
o f  the c ir c u it s . In a l l  the cases, CA3030E,OTAs and d iscrete  
capacitors o f measured values within 1 percent tolerance were 
employed.
• LP and HP sections -  The LP and HP f i l t e r  section s o f Fig. 
6 .2 (a ) and 6 .3 , resp ective ly , were in i t i a l l y  designed, each 
fo r  a c u t -o f f  frequency, f^ = 3.27 KHz, at Ig * 10 mA. The 
ca p a citor  values were obtained from the appropriate design 
equations given in  Table 6.1 fo r  Ig = 10 and V,j, = 26 mV 
(a t  28°C). In both the cases, came out to  be o f  9.32 nF. 
The c ir c i i i t  was then assembled and tested . The c u t -o f f  
frequencies were tuned by varying the b ia s-cu rren t, Ig . For 
Ig =* 10 mA, 100 mA and 1000 MA, the c u t -o f f  frequencies were 
respective ly  found to be 3.278 KHz, 32.78 KHz and 327.8 KHz, 
fo r  both the LP- and HP-sections. The resu lts  o f both cases, 
fo r  the three sets o f con trol current, are resp ectiv e ly  shown 
in Figs. b,5 and 6 ,6 . I t  i s  obvious that the c ir c u it s  present
25C
0.5 1 3.26 10' 32.7a 10  ^ 327.A 10^ f ( K Hz)
FIG.6.5; Frequency response of first-order Low-pass filter section of Fig.6.2( a)
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Theoretical
(KHZJ
Fig.6.6: Frequency response curves of first-order high-pass filter section of fig.6.3
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good agreement between theory and the e:q)eriment.
» AP-sectlon -  I n it ia l ly ,  the A P -circu it o f Fig. 6 .4 (a ) ,  was 
designed fo r  a phase s h ift  o f 85° at a frequency o f f  = 1 KHz 
and Ig = 30 |jA. At room temperature of 28°C,' = 26 mV. Use
o f eqn. (6 .3 ) with the given value o f y ie lded  the capacitor 
value, C = 100 nF. The con tro l current was then varied from
1 |iA to 1000 ViA to  cover a wide-range o f phase angles in  the 
f i r s t  two quadrants, v i z . ,  from 35° to  176°. The variations 
o f  phase-angle and with b ias-cu rren t, and magnitude with 
frequency are shown in  Fig. 6 .7 . Once again, a c lo se  con for­
mity is  seen between the design and the ejqserimental resu lts 
fo r  the AP-case. Note, a high-valued r e s is to r  ( ' — 2.2 Mohm) 
was connected across the cap acitor (C^) to  provide dc-path 
and s ta b il ity  to  the c ir c u it s ,  as in  the case o f  some OA-C 
c ir c u it s .
6 .1 .3  OTA-based C -m ultip lier
Subsequently, i t  w ill  be shown that the OTA-based 
f i l t e r s  and o s c il la to r s  have the integrating capacitors in  
the denominator o f  expressions fo r  pole-frequency and 
frequency o f  o s c il la t io n s , i . e . ,
1 1/2
V a ( -------------- )
C C i l  I 2
where C^s are the loading capacitors o f the Pis employed in
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FIG.6.7; Curves of AP-scction of fig.6.4 (o) giving
(i > Phose-vor ialion with bias-current and(ii) Frequency response.
the c ir c u it .  In MOS implementation, very low-valued capacitors 
are desirable  in the c ir c u i t  fa b rica tion . This makes the 
rea liza tion s  convenient and a ttra ctiv e  fo r  higher frequency 
ap p lica tion s. However, fo r  low frequency app lica tion s, the 
requirement o f high-valued capacitors w ill  make the c ir c u it  
d i f f i c u l t  to  implement in  the IC form. This problem may be 
circumvented by using OTA-based C -m u ltip lier, discussed in  th is 
section . The C -m u ltip lier may a lso  be employed in  instrumen­
ta tion  ap p lica tion s, where wide-range, lin e a r , e lectron ic
xqtu n a b ility  or large-valued Cs are required .
0 The c ir c u it  rea liza tion
The proposed c ir c u it  o f C -m u ltip lier i s  shown in  Fig. 
6 .8 . I ts  routine analysis y ie ld s  the d riv in g -p o in t admitt- 
anc e as ;
Y(s) = s . [ I f  - —  ] C (6 .6a )
“ 2
Ifi
Y(s) = s . [ l+  ]C = s.C^ . (6 .6b )
This shows that the c ir c u i t  rea lizes  an e f fe c t iv e  capacitance
Ig
Cg = [1 ^  ] C. (6 .7 )
The fo llow in g  a ttra ctiv e  features are evident from the above 
equations :
( i )  the e ffe c t iv e  capacitance (C^) is  temperature-invariant,
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FIG.6.8 The OTA-bascd C-multipli«r
FIG.6.9; Variation of effective-capoc itance (Ce)with control- current (Ig^ )
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( i i )  Cg can be tuned over several decades w ith the b ias-
current, , keeping I q fix ed  at a small value,
^1 ^2
( i i i )  the cn a ra cter istics  o f both the OTAs w ill  track, i f
dual-OTAs on a chip are used. This w ill provide highly
stable m ultiplying fa c to rs , even under varying environ­
mental con dition s, and
( iv )  very large C-values may conveniently be rea lized  over 
a lim ited  ch ip-area.
The e le c tro n ica lly  tunable wide-range C -m ultip liers w ill provide 
a convenient method for range extension of OTA-oased f i l t e r s  and 
o s c il la to r s . In addition , i t - w i l l  a lso  find  app lications in  
many instrm en tation  systems fo r  extending the range of measure­
ments at low cost.
0 Experimental resu lts
S^qperimental v e r if ic a t io n  o f the c ir c u i t  was obtained
on a d iscre te  version  o f the C -m ultip lier, using dual and
buffered  OTA, LM 13600N. Equation (b ,7 ) g ives the multiplying
fa cto r , (1 ♦ lo /l-Q  )f  which was con tro lled  by varying the b ia s - 
®1
current ( I „  ) o f  OTAt from 1 ]jA to  1000 >iA, a fte r  keeping b ia s - 
®1
current ( ig  ) o f  OTA2 fix ed  at 1 juA. The resu lts  with a capa­
c i t o r ,  C = 10 pF, at a frequency, f  = 1 KHz, are shown in F ig .6 .9 . 
I t  i s  observed that the designed and experimental values are 
in c lo se  conformity over a wide range o f 3-decades. Non- 
lin e a r ity  i s  a lso  exhibited at low values o f m ultiplying fa ctors , 
as d icta ted  by the governing equation.
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6,2  R ealization  o f  Second-Oixier OTA-C F ilte rs
In the analog system design, the importance o f  second- 
order f i l t e r s  has already been emphasized in  Chapter 3. In 
th is  section , three basic schemes, based on the analog compu­
te r  method, are discussed fo r  the rea liza tion  o f  second-order 
OTA-C f i l t e r s .  These c ir c u it s , besides incorporating a l l  the 
desirab le  features o f  OA-C second-order f i l t e r s ,  have the
added advantage o f  independent e le ctron ic  tu n a b ility  over
74—82several decades . The a v a ila b ility  o f  m ultiple responses, 
along with wide-range e le ctron ic  tu n a b ility , makes them 
su ita b le  fo r  the rea liza tion  o f  complex analog systems using 
the modular-approach to  system design. In such systems the 
parameters may a lso  be programmed d ig it a l ly .  The c ir c u it  
rea liza tion s  have been categorized  under three section s , based 
on their number o f  standard responses.
The f i r s t  scheme o f  Section  6 .2 .1  provides two standard 
responses, v i z . ,  band-pass (BP) and low-pass (LP). Two 
c ir c u i t s ,  F ilter-A  and F ilter-B , have been obtained from the 
scheme. N on-interacting e lectron ic  con tro l o f pole-frequency 
and pole-Q  is  fe a s ib le  in  both the cases.
The second scheme, given in  Section  6 .2 .2 , provides 
three standard responses simultaneously at d if fe r e n t  nodes of 
the c ir c u i t .  The three responses are AP, BP and LP. The 
same scheme with s lig h t  m odification  rea lizes  band-elemination 
(BE) ch a ra cter ist ic  in  place o f the AP-response , with the
2 5 8
other two responses remaining unaltered. Independent con trol 
o f  pole-U  and pole-frequency (w^) is  p oss ib le  in  the la te r  
case, while in the former one, only w^  can independently be 
tuned e le c tro n ica lly .
The th ird  scheme considered in  Section  6 .2 .3  y ields 
four standard second-order responses, v i z . , HP, LP, BP and BE.
In th is  scheme,pole-Q and pole-frequency can independently be 
tuned e le c tro n ica lly  fo r  a l l  the four responses.
In the rea liza tion  o f the schemes in  the OTA-C form, 
the basic building blocks already discussed in  Section  6.1 
have been used. The c ir c u its  are rea lized  with the help o f 
PI and f ir s t -o r d e r  section s . In the case o f  low-frequency 
ap p lica tion s , convenient tim a b ility  can be provided with the 
help o f C -m ultiplier.
The c ir c u its  are a lso  c r i t i c a l l y  studied in  the respec­
t iv e  sections fo r  th e ir  performance based on tu n a b ility , 
s e n s it iv ity  and s ta b il ity . Esqierimental v e r if ic a t io n s  on the 
d iscrete -v ers ion  o f  some o f  the c ir c u it s  are given in  Section
6 .2 .^  with convincing resu lts .
6 .2 .1  OTa-C f i l t e r s  with two standard responses
The scheme rea liz in g  two standard second-order responses, 
v i z , , BP and LP, i s  shown in  Fig. 6.10. I t  con sis ts  o f  a f i r s t -  
order LP-section and an inverting in tegra tor , along with,
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Fig. 6.10- The basic scheme realizing two standard second-order responses.
Fig.6.11; OTA-C Version of Fig.6.10; Filter-A
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sca ling  fa ctors , a and Routine analysis y ie ld s  the t>io 
tran sfer functions ;
w.
Vi s . Hgp•C Q )
o f a band-pass f i l t e r  at node 1, and
2V, H. p  w
Tj^(s) . ^ ----- -- (6.9)
5 ( - § - )  >
o f a low-pass f i l t e r  at node 2, v/ith the c ir c u i t  parameter 
relationsh ips given by ;
( a  31c)^''2
*>0
S p  ^ ’ ^L P----- t  * (6.10]o
For the implementation o f  the scheme in  the OTa-C form, the 
programmable in tegrator o f  Fig. 6 .1  and the f ir s t -o r d e r  LP- 
sections o f Fig. 6 .2 have been employed, which y ie ld  F ilter-A  
and F ilter-B , discussed as fo llow s.
0 F ilter-A
The c ir c u it  uses the PI o f  Fig. 6 .1  in  inverting-mode 
and f ir s t -o r d e r  LP-section o f  Fig. 6 .2 (b ) . The a and p- 
fa ctors  are implemented with C -ra tios . The complete c ir c u it  
i s  shown in  Fig. 6.11. I t  rea lizes  second-order BP and LP
2 6 1
ch a ra cte r is t ics  at nodes 1 and 2, resp ectiv e ly , as given by 
(6 .8 )  and (6 .9 ) .  The f in a l parameter values are :
w„ .  ( ^ ^  ) . BW = — 2 .
CoCi C2
Q  ,  ^  . ^ 2
®B, C,
s 7  ■ n r  “ lp = -  5T°m  ^ Ct + Co 2o 1 2
where, g (= I„ /2V «) is  the transconductance gain, is
J J 0
b ias-cu rren t o f  the jth  OTA and i s  the therm al-equivalent
vo lta g e . I f  or, Ig^ = Ig^ = I g , and
and C]^  = C2 = C, then (6 .11 ) redues to  :
1V -  ------------- , BW = ----------  , U = —
° 2V  ^ C.72 2Y  ^ J Z
Hfip = 2 * r~ ^LP ® ( 6 . 12 )
®0
A c r i t i c a l  study o f  F ilter-A  fo r  i t s  performance based on 
tu n a b ility , s ta b ility  and s e n s it iv ity  aspects is  given as under.
• Tunability aspect ; I t  i s  evident from (6 .1 2 ) that a ll  the 
f i l t e r  parameters, except fo r  i^p, related  e ith er  d ire c t ly  to 
the b ias-cu rren t or to the ra t io  o f  b ias-cu rren t, can conve­
n ien tly  be tuned e le c tro n ica lly  over a wide-range. The
I
follow ing cases are o f  s ig n ifica n ce  : ^
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( i )  Independent e le ctron ic  tu n ab ility  o f  pole-frequency
(w^) and bandwidth (BW) may respective ly  be excercized
through the con trol o f  Ig and Ig . Thus, F ilter-A  rea-
o
l iz e s  a widely tunable f i l t e r  with variable bandwidth.
( i i )  Simultaneous independent e le ctron ic  con tro l o f Q and
w^  i s  not p ossib le  in  F ilter-A . However, fo r  a fix e d -
settin g  o f  w ,^ u may be varied e le c tro n ica lly  over a
wide range with Ig . I t  may a lso  be noted that in th is
o
case, independent passive con tro l o f  w^  i s  p ossib le  with
( i i i )  I t  i s  in terestin g  that the c ir c u i t  d ire c t ly  rea lizes  LP-
• Butterworth ch a ra c te r is t ic s , i f  Ig and Ig are supplied
from the same source, i . e . ,  Ig = Ig . Thus, i t  is  very
o
convenient to  rea lize  a widely tunable Butterworth 
ch a ra cter ist ics  from F ilter-A .
( iv )  In case the integrating capacitors (C ^ 's) are realized  
through C -m ultip lier o f  Section 6 .1 .3 , the follow ing 
additional advantages are obtained ;
(a) Independent e le ctron ic  tu n ab ility  o f w^  and Q now 
becomes p oss ib le .
(b ) Using low and MOS-compatible values o f capacitors, 
convenient low -frequency operation becomes p ossib le  
with F ilter-A .
• S ta b ility  and s e n s it iv ity  aspects -  Equations (6 .8 ) ,  (6 .9 ) 
and (6 .1 1 ) c le a r ly  exh ib it F ilter-A  to be unconditionally stable.
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The s e n s it iv ity  relationsh ips o f a l l  the important c ir c u it  
parameters, v iz . , w ,^ U, BW, Hgp and H^ p^, with respect to the 
active  and passive components have been derived and th e ir  
nominal values included in  Table 6 .3 . I t  i s  evident from 
the table that the w o -se n s itiv it ie s  are le s s  than or equal 
to  1 /2  in  magnitude. The Q, BW and gain s e n s it iv it ie s  are 
a lso  fa ir ly  low, being le s s e r  than unity in  magnitude. More­
over, the svun o f s e n s it iv it ie s  fo r  each parameter, with respect 
to  a ctive  and passive components, i s  a lso  found to  be zero fo r  
the various parameters considered in  the ta b le . The overall 
resu lts  may be summerized as ;
1S(Q, BW, Hj_p, Hgp ; Xj^)l < 1 
|S(Vo!
and
where, F — BW, Q, and
I t  i s  concluded that the s e n s it iv it ie s  o f  the c ir c u its  
are, in  general, low and a ttra ctiv e . However, i t  may be noted 
that the active  parameter (gjj,) is  inversely  proportional to  
temperature, which makes the corresponding s e n s it iv ity  figures 
o f  1 /2  and unity appreciable, p a rticu la r ly , under varying 
environmental con dition s. This requires s ta b iliz a t io n  o f g^ ^^ , 
which is  discussed in  Section 7 .5 .
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0 M odified c ir c u it  ; F ilter-B
A s lig h t  m odification  o f the basic scheme o f  Fig. b.lO  
resu lts  in  F ilter-B , shown in Fig. fa.12. In th is  c ir c u it  
re a liza tio n , PI o f  Fig. 5 .1 and LP-section o f  Fig. 6 .2 (a ) 
nave been used. The f i l t e r  rea lizes  the BP and LP character­
i s t i c s  given by (6 .8 ) and (6 .9 ) with the follow ing parameters 
relationsh ips :
1/2
--------2  ) . BW = ^  ,
. ''o
®m-,* Sm 1/2
®“ o
Hgp = 1 and H^p = -1 .
I t  may be noted that in  F ilte r-B , two capacitors have been
minimized over F ilter-A . In case, g_ = g_ = g„» i . e . ,  the
OTA*s are biased from tne same source with Ir, = lu =
Bl ®2 ®
and equi-valued in tegrating capacitors are used, = C^^(6.14) 
reduces to :
w = , BW = , Q = ^  ,
° 2V^c.
Hgp = 1, and H^ p = -1 .  (6 .15 )
The above equations show that though both the f i l t e r s  rea lize  
sim ilar responses, convenient rea liza tion  o f  Butterworth
26c.
8^, + 0^2
" I
9 m,
c. c,1
'm2
V2
IL P)
I
-0
Vl
C B P)
Fig,6.12; The Filter-B
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response, tunable over a wide range is  not present fo r  F ilter-B . 
A lso, the gain Hgp o f the f i l t e r  is  fixed  and eqvial to  unity.
In some ap p lica tion s, th is  feature is  a ttra ctiv e  where fixed  
BP-gain, irre sp e ctiv e  o f  other parameter values, is  required. 
The other tu n a b ility  and s ta b il it y  aspects o f F ilter-B  are 
sim ilar to those o f  F ilter-A  and shall not be repeated.
• S en s itiv ity  aspects -  The s e n s it iv ity  study, s im ilar to  that 
fo r  F ilter-A , was performed and the resu lts  are included in  
Table The se n s it iv ity  performance o f  the c ir c u i t ,  as- •
w e ll-a s , the corresponding comments are once again sim ilar to  
those o f  F ilter-A . It  may be noted that a ll  the g a in -s e n s it i-  
v i t ie s  are zero in  th is case.
Table 6 .4  : S en s itiv ity  figures fo r  F ilter-B
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6 .2 .2  OTA-C f i l t e r  with three standard responses
The basic scheme fo r  ’rea liz in g  three standard second- 
order responses is  shown in Fig. 6 .13. I ts  analysis y ie lds 
the follow ing standard second-order voltage tran sfer functions;
V, a k, k_
where
D(s) = s^ + s ( l -a -p )  kj^ k2( l - p ) ,  (6 .17)
rea liz in g  LP-response at node 1;
-a  k, s
rea liz in g  BP-response at node 2; and
V, s^- spk, + k .k . (1-P)
T (s) » ^  = a. — --------- i --------^ ---------  (6 .19)
D(s)
atnr»de^3. In case the fa cto rs  a and p s a t is fy  the condition
a + 2p = 1 (6 .20)
the c ir c u i t  rea lizes  A P -characteristic at node 3, given by
V ,  s^- spk, k ,k ^ (l-p )
T a p ( s )  >  7 ^  =  » - - g  ■ ^ ^  ^  • ( 6 . 2 1 )
1 5*^ + spk^ k^k2(l-0)
Thus, standard LP, BP and AP responses are simultaneously 
rea liza b le  from the c ir c u i t ,  having the ch a ra cter ist ic  
polynomial
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Fig.6.13- The schcme realizing three standard second-order responses.
( A P)
Fig.6.li.‘ The Filter-C
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D(s) = i- . (6.22)
0 F ilte r  C
D irect implementation o f  the scheme is  possitile by- 
using two Pis and passive summers, rea lized  through C -ratios, 
The implementation o f  the scheme in  the OTa-C form is  shown 
in  Fig. 6.14. Henceforth, th is  c i r c u i t  w ill  be referred to 
as F ilter-C . The corresponding LP, BP, and AP functions 
rea lized  at nodes 1, 2, and 3 ,• resp ectiv e ly , are
V 1 C-i kp
T:p(s) = • -------- c--- ------ C--- ' .(6.23)
V, C-, k, s
" 77 C ~  (6 .24 )
and
with the conditions :
C C
^  = 2 + 1, and > C^. (6 .26 )
In the c ir c u it ,  only the LP and the BP responses are available 
at buffered outputs. In case load invariant AP-response is  
desired , an additional bu ffer  may be employed at node 3. The 
various f i l t e r  parameters, v i z . ,  pole-w^, the BW, pole-Q and
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gains o f  ttie f i l t e r  may be expressed as :
C, 1 /2  C,
^  , BW = k ,. — ^  ^
C. k„ C, 1/2
Q “ c”  •  ^ F" *^3 1 ^
C, C.
Hrp = . [1 + —  J ^
C^>C2
c c c
Hop --------- ^  . [1 + ] and H.p = (6 .27 )
^1"^2 ^3 ^l'^^2 
where, k. = , J = 1 ,2 .
^ i j  2V^Cij
Without loosin g  gen era lity , the c ir c u i t  may be biased from 
the same source, i . e . ,  Ig = Ig = Ig , and the integrating capa­
c it o r s  may also be made equal, i . e . ,  C. = C. = C .. This
^1 ^2
s im p lifies  the parameters as;
Ir C, 1 /2  Ip C.
w = ---- ( ^  ) . BW = ^  ^  ,
° 2C^Y  ^ i  T ^3^
C, 1/2
n a  ^12
where, Cj^ = Cj t C .^
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Equations (6 ,27 ) and (6 .2 8 ) c le a r ly  exh ib it the 
follow ing a ttra ctive  features o f  the c ir c u i t ,  fo r  i t s  conve­
nient MOS-iraplementation ;
( i )  The c ir c u it  only employs OTAs and ra tioed -ca p a citors / 
capacitors in  i t s  re a liza tio n .
( i i )  I t  has m ultifunctional ca p a b ility  and provides non­
inverting LP- and AP-responses and inverting BP-response.
( i i i )  Most o f the c ir c u it  parameters, v i z . ,  Q, H^p, and H^p, 
are only in  terms o f  C -ra tio s , which can be realized in 
high precis ion  and s ta b i l it y  in  MOS technology.
( iv )  The c ir c u it  is  e le c tro n ica lly  tunable over a wide 
frequency range, without a ffe ctin g  i t s  Q and gains.
A c r i t i c a l  performance study o f  F ilter-C , based on 
tu n a b ility , s ta b il ity  and s e n s it iv ity  i s  given as follow s .
• Tunability aspect : As has been pointed out, the c ir c u it  
has independent e lectron ic  tu n a b ility  o f  w^  with respect to
Q and the gains o f the f i l t e r .  However, e lectron ic  tunability  
in  the other c ir c u it  parameters is  missing. This makes 
F ilte r s -  A and B more a ttra ctiv e  from the consideration  o f  
multiparameter tu n ab ility . This draw-back w ill  however be 
eleminated in  the modified c ir c u it  (F ilte r -D ), obtained from 
the same basic scheme.
• S ta b ility  and se n s it iv ity  ; By ensuring the conditions given
273
in (6 .2 6 ) fo r  tne rea liza tion  o f  AP-response, the poles o f 
the TFs are confined to the l e f t - h a l f  o f  s-plane and stable 
operation o f  the c ir c u it  is  ensured. The nominal values o f  
the incremental s e n s it iv ity , a fte r  the su bstitu tion  o f conditions 
fo r  A P -realization , are given in Table 6 .5 . For ensuring 
reasonably low s e n s it iv it ie s , p a rticu la r ly  fo r  the parameter,
Hgp, with respect to and C^t an additional design constraint 
is
C^/C^ > 1. (6 .29 )
Use o f eqns. (6 .26) and (6 .2 9 ) , along with the se n s it iv ity  
expressions o f  Table 6.5, give the fo llow ing se n s it iv ity  resu lts :
S(Q, BW, Hgp t X.) 1 < 2 , 
|S(w  ^ ; x.)| < 1 /2
|s (Ha p , H^ p i x.)| < 1
and
Z = 0 .  (6 .30)
(Any Parameter)
I t  may be noted that the above resu lts  c le a r ly  demonstrate the 
maximum s e n s it iv ity  values fo r  F ilter-C  to  be s lig h t ly  greater 
than those o f F ilters-A  and B. However, these figures are 
fa ir ly  reasonable and may s t i l l  be insured to  be much lower 
than tne indicated maximum values tnrough a ca re fu l design.
The constraints imposed in (b .26 ) and (6 .2 8 ) , however, make 
the f i l t e r  design only p oss ib le  fo r  Q > 1.
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0 M odified c ir c u it  ; F ilter-D
The basic scheme o f Fig. b .l3  y ie ld s  a d iffe re n t set 
o f three standard responses on making the feed-back fa ctor , 
p = 0. This eleminates a feed-back path from node 2 ,  and a lso 
ensures a unity feed-back from node 1. The resu lting  system 
gives the follow ing TFs ;
V, a k,k^
at node 1,
at node 2 ,  and
at node 3, where
V j  - a  k-i s
Tap(s) -  > ----------  (6 .32 )
D(s)
2V, s + k-, k  ^
^i D(s)
D(s) = s^+ s ( l - a )  k^+ k^k2 * (6 .3^)
I t  i s  evident from the equations that with 8 =» 0, the scheme 
rea lizes  LP, BP and BE-responses, resp ectiv e ly , at nodes 1, 2, 
and 3. Tne resulting OTA-C version ,obta ined  from the modified 
scheme/is shown in Fig. b .l5 . The corresponding second-order 
f i l t e r  responses may be expressed as ;
V, C-, k,kp 
\p^®^ " ^  "  ^1^2* ’ (6 .35)
V C, sk,
^  ”  ^1^2* (6 .36)
Fig. 6.15: The Filler-D
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and
where
s^+ k.k
BE C^+C2 Q, )
C
D(s) = s^+ k^) + k^k^. (6 .38 )
I t  may be noted that in  the process, two ca p acitors, and 
C^, have been reduced. The follow ing parameter -  relationsh ips 
are obtained fo r  the f i l t e r  ;
1/2 C, k , 1 /2
'"o = %  = ^^ 1^^ 2^  ’ ^   ^ »
C2
„  * ^1 ’ ^BE " ^LP "
and
H.p=--- ‘ (6.39)
BP Ci^Cj
On biasing the two OTAs from the same supply, i . e . ,
I_ = I„  = I „ ,  and employing equi-valued in tegrating cap acitors,
1 2 '
C. a C. = C ., the parameter relationsh ips reduce to  ; 
i i  ^
W a  W = -------------  j , Q = 1 + ----  ,
°  ”  2C. C2
BW = — ^  ^  , H. p =
Ci>C2 2C, C^.C2
and
^BP " " ^  (6.^)
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This c ir c u it  a lso  enjoys the same a ttra ctiv e  feature as 
those mentioned fo r  F ilter-C , leading to  convenient micro­
m iniaturization  in MOS technology. The performance features 
o f the c ir c u it  are next considered.
• Tunability aspects : The tu n a b ility  aspects o f F ilter-D  are 
as follow s.
( i )  I t  has independent wide-range e le ctro n ic  tu n ab ility  of 
pole-w^ with b ia s -cu rren t/vo lta ge .
( i i )  Independent passive tu n ab ility  o f pole-Q  without d istu r­
bing (= is  present with and/or C2 - This 
however a ffe c ts  the gains o f  the f i l t e r .
• S ta b ility  and s e n s it iv ity  : The f i l t e r  rea lizes  stable 
tra n sfer  functions with poles confined to the l e f t - h a l f  o f  
s-p lane. Tne incremental s e n s it iv it ie s  have a lso  been evaluated 
and the resu lts are given in  Table 6 .6 . I t  may be noted that
by making p = 0, the s e n s it iv ity  performance o f  the c ir c u it  
has improved considerably , which may be summarized as :
Is CWq , Q, Hgg, ; Xj)| <1/2,
|S(BW, Hgp ; x ^ ) 1 < 1
and
Z = 0 (6 .41 )
F
where, F represents the parameters w^, Q, Hgg, H^p, Hgp, and 
BW. In fa c t , the c ir c u it  has w ^ -sen sitiv itie s  sim ilar to those
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o f F ilter-C , but has improved Q and gain s e n s it iv it ie s .
6 .2 .5  OTA-C f i l t e r s  with four standard responses
M ultifunctional ca p a b ility  and wide range e lectron ic  
tu n ability  con stitu te  one o f the most important requirements 
fo r  the m icrom iniaturization o f f i l t e r s .  In the c ir c u its  
considered so fa r , not more than three standard second-order 
responses were simultaneously a va ilab le . In order to  further 
increase the m ultifunctional ca p a b ility , two methods are 
suggested :
( i )  Realization o f  p ra ctica lly  a l l  the standard second-order 
responses by summing any two standard responses, obtained 
from a second-order f i l t e r  block., along with the input 
signal52-56.52.71_
( i i )  R ealization  o f  additional responses from a basic second- 
order f i l t e r  block by the adjustment o f  c ir c u it  parameters 
through switching.
The use o f summer (a  CMOS-inverter in  the case o f MQS 
technology) in  generating p ra c t ica lly  a l l  the standard respon­
ses by summing-up the outputs o f  any two standard responses, 
generated from a basic f i l t e r in g  block, and the input has
71already been considered in  Chapter  ^ fo r  the OA-C f i l t e r s  
This technique is  equally applicable in  the case o f OTA-C 
f i l t e r s ,  through the use o f compatible CMOS in verter. There­
fore  th is  method w il l  not be discussed any further in th is 
chapter.
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The second technique fo r  the rea liza tion  o f additional 
responses is  based on the adjustment o f  su itab le  paranieter(s) 
or c o e f f i c i e n t ( s ) , through e le ctron ic  switching, o f  an appro­
p ria te  second-order f i l t e r in g  b lock . As an example, Filters-C  
and D only d iffe red  in  the adjustment o f  th e ir  c o e ff ic ie n ts  
in rea liz in g  aP, BP and LP responses, in the f i r s t  case, and 
BE, BP and LP responses in  the second case. This could have 
been achieved through MOS sw itches. In th is  section , the 
rea liza tion  o f four standard responses through switching is  
considered in  deta il by employing the scheme given in Fig. 
6 .16 . Here the adjustment o f  c o e f f ic ie n t  is  obtained through 
a s in g le  SPDT-MOS switch. Consider the voltage TFs at nodes 
1, and 2, resp ective ly , given by :
2V-, s + ^Tk
T i(s ) = = -p -------------  (6.A2)
i  s +sa+ pk
and
V- s (7 - l )k  ark
TjCs) * = -5----------------  (6.43)
 ^ ^ i s^ + as + pk
where, k is  the in teg ra tor ’ s constant.
Case 1 -  In case y = 0 , the eqns. (6 .^2) and (6 .4 5 ) reduce to
V s^
i  s '^+as+^k
and
v„ -ks
■^ BP^ ®^  = V = ” 2--------------  » (6 .45)^ i s*^ + sa + pk
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Fig, 6.16" Basic schcme realizing (our stondard second- order responses.
J\-
gm*,
C,
Vi o-
gm,
■B,
BV
iB j
gm. i >
C2
Vi
2 V2
Fig. 6.17; 0 T A-C Filter realized from the scheme of Fig. 6.16( The Filter-£ )
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resp ectiv e ly , Thus, the scheme rea lizes  standard second- 
order non-inverting HP-response and inverting BP-response 
at nodes 1, and 2 o f the c ircx iit .
Case 2 -  I f  7 = 1, the vo ltage  TFs at nodes 1 and 2, respec­
t iv e ly , become
V, s^ + 0k 
Tj,v(s) = ~  = -p ----------  ( 6 . ^ )
and t
v^ ak
i  s'^tsd-fPk
Now the same scheme rea lizes  standard second-order BE and LP 
responses.
0 F ilter-E
The p ra ctica l implementation o f  the scheme is  shown 
in  Fig. 6.17. This simple c ir c u i t  requires only three OTAs 
two capacitors and s in g le  MOS switch fo r  i t s  implementation.
I t  may be noted that a l l  the c ir c u i t  components are MOS 
integrable^^ ’ ®^. The TFs rea lized  by the f i l t e r ,  under the 
two con d ition s, are given as fo llow s :
I . With switch (S) connected to A (ground), t = 0, and the 
respective HP and BP responses rea lized  at nodes 1 and 2 ,  are ;
V  s 2
T h p ( s )  = ~  = ----------  (6.^ 48)
""i D(s)
and
2 d 4
wnere
P  ®m-,
D(s) = s. + — ------ -- . (6 .50 )
1 Cl
I I .  In the second case, when S i s  connected to  B (in pu t),
T = 1, and the BE and LP-responses, respective ly , obtained 
at nodes 1 and 2, are given by ;
V-,
= 7^ = ------------ 7 - ^ ----------  (^*51)^i D(s)
and
y  Sm /^1^2
I t  i s  evident that standard buffered  second-order LP, HP, BP, 
and BE responses are conveniently rea lized  by the c ir c u it  
through a sin gle  MOS-switch.
The important f i l t e r  parameters are derived as fo llow s :
1/2
w. » [ ] , BW =. ,
1 c , 1/2
°  **■ ^ ’ 1^111^ 1112^  ’ o
g  g  
«BP ^ -  1 7  ■ »BE = »LP = 1 7  • ('>•53)
o 1
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I f  equi-valued ca p a citors , = C , and OTAs on the same
sem iconductor-chip, biased from the same source, are used, 
eqn, (6 ,5 3 ) s im p lifies  to :
w = , BW = , Q = ^  ,
° 2VjC 2VjC Ig
o
Ig
%P “ ^BP ~ "  TT ’ ^BE ■ ^LP "  r  ’
®o B^
\  = = Sm ^B^  = \  = %•
• Tunabillty -  The tu n a b ility  aspects o f  the f i l t e r  are as 
fo llow s :
( i )  Independent wide-range e lectron ic  tu n ab ility  o f w^(= w^) 
and BW are p oss ib le , resp ectiv e ly , with Ig and Ig -
c ontrol s .
( i i )  E lectron ic tu n a b ility  o f pole-Q at a fixed  pole-w^
(o r  w )^ is  p oss ib le  with Ig , by keeping Ig fixed  at a
o
su itab le  value.
( i i i )  S im ilarly , pole-w^ (■ w^) may be tuned at a constant Q
by varying Ig and Ig simultaneously in  constant
o
proportion . This is  conveniently p ossib le  by using a 
common, variable  dc supply fo r  a l l  the three OTAs.
( iv )  In case the biasing and switching are d ig ita lly  con tro lled , 
may-be through a m icroprocessor-based con tro l, multi­
functional programmable f i l t e r s  over wide tuning ranges 
may be realized* in  the m onolithic MOS form.
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• S ta b ility  and se n s it iv ity  -  The TFs o f the f i l t e r  inherently 
have poles confined to  the l e f t - h a l f  o f  s-p lane, which makes 
tne rea liza tion  stable . The increamental s e n s it iv ity  figures 
have a lso  been evaluated and are ava ilab le  in  Table b .7 . These 
figu res  ind icate  the c i r c u i t  to  have a ttra ctiv e  se n s it iv ity  
p rop erties , sim ilar to  those of f i l t e r s  A, B and D. The 
summerized resu lts given in  eqn. (6 .4 1 ) are a lso  equally 
applicable  here.
6 .2 .4  Experimental resu lts
The theory developed fo r  the second order OTa-C f i l t e r s  
is  v e r if ie d  fo r  F ilters-A  and E. In both the cases, d iscrete  
versions o f the c ir c u its  were designed and fabricated  by using 
the general purpose dual, buffered-OTA, LM 13600 N, along with 
d iscre te  capacitors o f values measured wirhin 1 percent 
toleran ce.
0 Results on F ilter-A
F ilter-A  o f  Fig. 6.11 rea lizes  standard second-order
BP and LP responses with the parameters relationsh ips given
in  ecpi. ( b . l2 ) .  I n it ia l ly ,  the c ir c u it  was designed fo r  a
band-pass response with Q = 10 at a centre frequency, f^  » 65.5
KHz. At room temperature o f 28°C, = 26 mV. The use o f
expressions o f w^  and Q in  eqn. (6 .1 2 ) with Ig ='100 juA gave,
C = 3»5 nF and Ig = 7 .0 7  l^A. The observed frequency response
o
o f the BP f i l t e r  i s  shown in  Fig. 6 .18. The experimental 
resu lts  are found to be in c lo se  proxim ity o f the design,
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r »■
r
n  V .
Designed Expcrimentolfo 65.5KHZ 65.^ KHz
Q 10 10
100 I (KHz)
Fig. 6.18; The BP-frcqucncy response of Filer—A
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without even resorting to tuning.
Next, the Butterworth L P -characteristies (Q = 0.707)
at a pole-frequency, = 5.275 KHz, was rea lized . Proceeding
as e a r lie r , eqn. (6 .1 2 ) gives = !□ = 5 MA» '^ith the other
® ^o
designed values remaining unaltered. The c ir c u it  was also 
found to  provide the desired designed response. The c u t -o f f  
frequency was tnen tuned by varying the b ias-current ( I g ) .
For Ig = 5 MAf 50 >uA, and 500 ;uA, the c u t -o f f  frequencies 
were respectively  found to be 5.275 KHz, 52.75 KHz and 527.5 
KHz. The experimental re su lts , along with the designed values 
fo r  the three sets o f Ig are shown in  Fig. 6.19. These 
present good agreement between theory and the experiment. Note, 
a high valued re s is to r  ( —  2 .Z  Mohm) was required across the 
ca p a citor  (=» C), to  provide the dc path and s ta b ility  to 
the c ir c u it .
0 Results on F ilte r -S
F ilter-E  was in i t ia l ly  designed to  provide Butterworth
LP-and H P-characteristies (Q = 0.707) at a pole-frequency,
f^ = At). 57 KHz. At room temperature o f 28°C, V-p = 26 mV.
With Ig = 50 mA, the expressions o f w^  and Q in  eqn. (6 .5^ )
gave the follow ing designed values : = C2 = C = 5.5 nF
and I„ = 70.7 ijA- The switch S was f i r s t  connected to A 
o
(ground) to  obtain the HP-response at node 1. On simply 
switching S to B (in p u t), the same f i l t e r  provided corresponding 
LP-response at node 2. The observed LP and HP-responses are

2 9 1
shown in  Fig. 6.20. These are found to  g ive  the designed and 
experimental values o f f^ in  c lo s e  agreement, once again 
without resorting to tuning, Next, the BP and BE-character- 
i s t i c s  at, f^ = ^ .3 7  KHz with U = 10, were rea lized . Pro­
ceeding as ea rlie r , (6 .5^) gave the value, Ig = 5 MAt with
o
the other designed values remaining unaltered. This c ir c u it  
was found to  provide the desired BP-response at node 2, when 
S was connected to  A (ground). By connecting S to  B (in pu t), 
the corresponding BE-response was observed at node 1. The 
observed frequency responses are shown in  Fig. 6.21. The 
experimental resu lts once again exh ib it a good agreement 
between the tneory and the esqjeriment.
To demonstrate the tuning aspects o f the c ir c u it ,  the
centre frequency o f  the B P -fi lt e r , which is  d ire c t ly  dependent
on bias-current (Ig )»  ‘•'as p r a c t ic a lly  tioned over, a wide-range
by varying Ig at a constant bandwidth (Ig  = 10 >iA). In this
o
case, the other designed values remained unchanged. The 
frequency response curves fo r  d if fe r e n t  values o f f^ are shown 
in  Fig. 6.22. The th eore tica l and p ra ctica l values o f f^  and 
Q at fou r d iffe re n t spot-values o f Ig are included in  Table 6 ,8 . 
These present a c lo se  conform ity between the theory and the 
experiment.
The pole-U fo r  the BP-response o f F ilter-E  was also 
independently tuned by varying rhe b ias-cu rren t ( I „  ) at a 
fixed  frequency, f^ = 185.4 KHz (Ig  = 200 )jA ) . The th eoretica l
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Design Observedfo 6^.35 46.38 KHz
30 6^.^  60 200 f 
( KHz )
Fig. 6.20: .The L P-and H P-responses of Filter-E
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Design Observedfo 6^.35 KHZQ 10 10.2
B P F
- X - - B  £ F
FIG.6.2K The B P-ond B E.responses of Filter-E
I29^
V max Q Vs fo
Fig. 6.22- Performance curves for B P-rcspose of Filtcr-E for variation of :(i) Centrc-frequency ( fo ) with bias-current ( Ig ) at a constant band-wldth (Ig = iOmA and(ii) Q with centre-frequency ( fo).
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Fig. 6.23- Variation of Q for B P'*responsc of Filtcr-E with bios-currcnt( ) ct a constant mid” frequency (Iq) .
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and p ra ctica l curves are shown in  Fig. 6,25^ which once again 
exh ib its c lo se  agreement with the design. The obtained 
resu lts  adequately ju s t i fy  the claim  o f m ultifunctional versa­
t i l i t y  and n on-in teractive tuning o f  F ilter-E  over wide ranges.
Table 6 .8  : The resu lts  o f varia tion  o f  f  and Q with fo rO D
BP-response o f  F ilter-E .
( ma)
Theoretical Experimental
f^CKHz) a f^(KHz) Q
10 9.27 1 .0 9 .2 1.1
37.08 u ,o 37.2 4.2
160 1A8.32 16.0 148.8 15.6
6A0 593.28 64. 0 594.3 62.4
6 .3  Realization o f Analog Systems and High-order F ilters
The extensive use o f  cascade approach in  the OA-based 
rea liza tion  o f h igher-order (say, nth-order) f i l t e r s  has 
already been considered in  Section  4 .3 . I t  has been shown 
that fo r  even n' ,^ the overa ll tran sfer function T(s ) is  f i r s t  
su itab ly  decomposed in to  n/2 second-order fu n ctions, T^(s). 
From Tj^ ( s ) , corresponding second-order building blocks are 
then designed, which are su itab ly  connected in a non-
 ^ fo r  odd n, one f i r s t  or th ird -ord er section  w ill  a lso  be 
required.
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in tera ctiv e  cascade to  rea liz e  the overa ll n th -order system®'^. 
This technique i s  equally su itab le  fo r  OTA-based rea liza tion  
o f  h igher-order systems. The requirement fo r  non-in teractive 
cascade may be ensured by ;
( i )  tak.ing the response from the output o f  a buffered-OTA, and
( i i )  designing Tj^(s) fo r  high input-impedance le v e l .
The study o f the second-order OTA-C f i l t e r s  has 
c le a r ly  demonstrated the fo llow ing a ttra ctiv e  features :
(a) The c ir c u it s  have high v e r s a t i l i t y  in  rea liz in g  multi­
functional responses, p a rticu la r ly , by the adjustment
o f su itab le  c o e f f ic ie n t  through a MOS-switch. Even four 
standard responses may be obtained from simple f i l t e r in g  
b lock , as in  the case o f F ilter-E ..
(b ) The c ir c u its  have convenient and wide-range e lectron ic  
tu n ab ility  o f important c i r c u i t  parameters.
(c )  The c ir c u it s  are id e a lly  su ited  fo r  IC implementation 
in  the MOS technology.
These features suggest the a ttra ctiv e  use o f  m ultifunctional 
OTa-C f i l t  er, as the basic bu ild ing b lock , in  the Modular 
Approach to  analog system and h igher-order f i l t e r  design.
A su ita b le  OTa-C f i l t e r ,  such as F ilter-E , may be used as 
the basic module, whose response, a s -w e ll-a s , the parameters 
may be adjusted through d ig ita l/m icroprocessor-based  control.
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By incorporating an array o f  such building b locks, along with 
the switching arrangement on the same seniiconductor ch ip , 
complex systems may be designed through the casecade form 
approach. A lso, the en tire  hybrid system, comprising o f 
analog and d ig ita l  c ir c u its , may be fabricated  on a single 
MOS-chip.
The startin g  poin t in  the design o f  a higher-order
system i s  the decomposition o f  the tran sfer function T (s).
This decomposition or p o le -zero  pairing o f T (s) in to  second-
order terns, is  not unique and i t s  choice  has s ig n ifica n t
e f f e c t  on a f i l t e r s  perfonnancej; the most important being
87i t s  d3mamic-range . For example, consider the rea liza tion  
o f  a s ix -p o le  band-pass f i l t e r ,  whose function  Tgp(s) is  o f 
the form -
Hs^
Tgp(s) = —
P  2).(s2* ^  S . w / ) . ( s 2 *  p  s*w 2)
( 6 .5 5 )
This function  can be decomposed in  three second-order su b -• 
functions as
Tgp(s)  = Tj^ (s ) . T 2 ( s ) . T 3 ( s ) .  ( 6 .5 6 )
The desired BP-response can be obtained through a cascade o f  
second-order section s ( o f  the type o f  F ilter^ E ), e ith er by 
designing a l l  the section s as BP-sections only or by designing,
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one section  each, as LP, BP and HP. With F ilter-E  as the 
basic b lock , a carefu l con sideration  o f  eqn. (6 .5 4 ) provides 
the follow ing ga in -re la tion sh ips :
% p l S p ’ ^LP “  ^LP ^HP “  (6 .5 7 )
Now, in  case Qq , Qq and Uo requirements are large [ecyi. 
(6 .5 5 )] I use o f  only BP-sections in  the cascade w ill  give a 
very high overa ll f i l t e r  gain and may resu lt in  serious d is to r ­
tion  due to  the dynamic-range lim ita tion s . Therefore, the 
second-form o f decomposition using LP, BP and HP sections seems 
to  be more a ttra ctiv e  to use.
Next we consider the in flu en ce o f  the active  device, 
v i z . , OTA, on the dynamic range o f  the rea lized  f i l t e r s .  
B asica lly , dynamic range depends on the ra tio  o f  maximum d is ­
to rt io n le ss  output voltage to  the to ta l rms noise at the 
output o f a f i l t e r .  For a good dynamic,range,the active 
device used in the rea liza tion  should have low noise voltage 
(ej^), and a good d if fe r e n t ia l  input voltage range (without 
producing n on -lin earity  at the output). In general, the 
noise voltages o f  OTAs are found to  be low, e .g . ,  the CA5280 
has an ej^  o f  8 nV///H z at 1 KHz^^. However, the d if fe r e n t ia l  
input voltage range o f tra d ition a l OTAs o f 3080-type is  low, 
being o f the order o f a few m i l l i v o l t s ® ^ U s e  o f such OTAs 
w ill  ^therefore r e s t r ic t  the dynamic range o f the rea lized  
f i l t e r s .  This problem can now be obviated ea s ily  by using
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the readily  availab le  improved OTAs, l ik e , LM 13600, LM13700,
CA 3280, with on-chip diode lin e a r iza tio n . With such OTAs, 
the lin e a r  input signal le v e l range i s  s ig n ifica n tly  improved 
to  about 8 volts® ^ ’ ^^. Thus, f i l t e r s  designed with such OTAs 
can ea s ily  achieve much improved dynamic ranges.
6. I* Concluding Remarks
The f i l t e r s  rea lized  and studied in  th is chapter employ 
operational transconductance am p lifier  as the a ctive  device, 
along with, ca p a c ito rs /ca p a c ito r -ra tio s . These c ir c u its  have 
been referred  to as the'OTA~C C ircu its* . Three basic building 
b locks, v i z . ,  the programmable in tegra tor , the f ir s t -o r d e r  
section s and the C -m u ltip lier, have been rea lized  and studied. 
The programmable in tegrator and the f ir s t -o r d e r  sections were 
subsequently used in  the actual implementation o f  schemes 
related  to  second-order responses. The C -m ultip lier has been 
found to  be useful in  conveniently extending the frequency 
range o f  operation to  low frequency values. Three basic 
schemes have been studied fo r  the re a liza tio n  o f standard 
second-order responses. From the f i r s t  scheme, F ilter-A  and 
F ilter-B  have been derived. Both the c ir c u it s  rea lize  two 
standard responses, v i z . ,  LP and BP. F ilter-A  has the 
a ttra ctiv e  feature o f  convenient rea liza tion  o f  Butterworth 
L P -ch a ra cter istic , independently tunable over a wide frequency 
range. F ilter-B  uses only grounded capacitors and a lso  employs 
two le s s  capacitors in  i t s  re a liza tio n  over F ilter-A . Its
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general performance features are sim ilar to those o f  F ilter-A .
FiltersC and D have been derived from the second scheme, 
which simultaneously provides three standard responses. With 
F ilter-C , AP, BP and LP-responses are obtained. For the 
rea liza tion  o f  A P -ch aracteristics , m atching-constraints in 
terms o f  ratioed-C are to  be s a t is f ie d . This makes the sensi­
t iv i t y  o f  the c ir c u i t  s l ig h t ly  higher than those o f the other 
f i l t e r s  discussed in  th is dhapter. F ilter-D  y ie ld s  BE^
BP and L P -ch aracteristics . Further, i t  does not require any 
m atching-constraint and a lso  minimizes the capacitor-coun t by 
tw o  over F ilter-C .
F ilter-E  is  rea lized  from the th ird  scheme and provides 
four standard responses -  HP, BP, BE and LP. The c ir c u it  uses 
a simple SPDT switch and at each o f  i t s  settin g  provides two 
standard responses, v i z . , HP and BP at sw itch -position  A 
(ground) and, BE and LP at sw itch -p osition  B (in p u t).
The d e ta ils  o f  the performance study il lu s tr a te  the 
follow ing general a ttra ctiv e  features o f  OTA-C f i l t e r s  :
( i )  A ll the c ir c u it s  are characterized  by wide-range 
e lectron ic  tu n a b ility .
( i i )  The c ir c u its  possess the v e r s a t i l it y  o f  providing 
m ultifunctional responses.
( i i i )  The c ir c u its  have re lia b le  high frequency performance.
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Low frequency operations, within the constraint o f MOS 
technology, are a lso  p ossib le  through the use o f C- 
B u lt ip lie rs . This makes the rea liza tion  su itab le  fo r  
operation from low frequencies upto about 1 MHz range 
with the general purpose OTAs.
( iv )  The use o f  OTAs, both as DVCCS and DVCVS, generally 
makes the c i r c u i t  rea liza tion s  simpler in  terms o f 
component-count, a s -w e ll-a s , design.
(v ) In general^ the c ir c u it s  are characterized by low sensi­
t iv ity  p roperties.
(v i )  Only OTAs, ca p a citors /ra tioed -ca p a citors  and, in  some 
cases, e le ctro n ic  switches are used in the f i l t e r  
implementation. A ll these components can conveniently 
be fabrica ted  in  the MOS technology^®’
The f ir s t -o r d e r  section s , C -m ultip lier, F ilter-A , and 
F ilter-E  were a lso  designed in  the d iscre te  form and tested 
in  the laboratory. In each case, resu lts were found to  be 
in  conform ity with the theory.
The studies conducted in  th is  chapter and the above 
mentioned advantages show the OTA-C f i l t e r s ,  a p oten tia l 
c la ss  fo r  the rea liza tio n  o f  m onolithic f i l t e r s .  The multi­
functional c a p a b il it ie s , along with, wide-range e lectron ic  
tu n a b ility  a lso  makes the c ir c u it s  a ttra ctiv e , as a second- 
order basic build ing b lock , fo r  the rea liza tion  o f  higher- 
order analog f i l t e r s  and systems.
C H A P T E R  7 
WIDE RANGE SLBC TRONIC ALLY TUNABLE OTA-C OSCILLATORS'*'
7 .0  Introduction
E lectron ica lly  tunable o s c il la to r s  (ETOs) with voltage 
or current co n tro l, such as, the voltage con tro lled  o s c i l la ­
tors  (VCOs), fin d  wide app lica tion s in  instrximentation and
95 96communication systems^*'^' . As an example, they con stitu te
the basic bu ild ing block o f  spectrum analyser, tracking scope,
Q7and phase locked loop based instruments . The ETOs have thus 
become an important bu ild ing block in  the instrumentation and 
the ccmimunication industry and a great emphasis is  now being 
stressed  in  rea liz in g  and designing ETOs with desirable 
ch a ra cte r is t ics .
In general, the ETOs are required to  have the follow ing 
important features :
( i )  In most o f  the a p p lica tion s , an ETO is  required to  
exh ib it a highly l in e a r  con tro l o f  frequency with voltage 
or current over a wide range. This c a l ls  in  fo r  the 
wide-range e le ctron ic  tu n a b ility  o f  the c ir c u it .
( i i )  From the considerations o f technology and re lia b le  
performance, i t  is  desirab le  that the ETOs should be 
integrable in the contemporary IC technology. I t  is
t The author's paper no. 3, l is t e d  on page v ii , i s  based 
on a part o f  material presented in  th is  chapter.
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a lso  desirable that they may be availab le  as an o f f -  
th e -sh e lf item fo r  the system design.
Most o f  the availab le  ETOs are in  the form o f voltage
con tro lled  o s c i l la to r s , having complex and expensive 
qa QQ 100c ir c u itr y  . A lso, many o f them are not compatible
with the monolithic IC fa b rica tion . In addition , th e ir  
lin e a r  frequency range o f  operation is  narrow, being o f the 
order o f  1 decade. The Oa-C type o f o s c il la to r s  studied in 
Chapter 5, were a lso  shown to  have b ia s-vo lta ge  con tro l on 
frequency. These c ir c u it s  were a lso  found to  be MOS-coopatible. 
However, th e ir  main draw back l i e s  in  th e ir  lim ited  lin ea r  
range frequency con tro l with bias vo ltage , which is  le s s  than 
a decade. A lso, b ia s -v o lta g e  va ria tion  i s  not an a ttra ctiv e  
mode o f  con tro l, as i t  a lso  a ffe c ts  other parameters o f  the 
device.
This has motivated the work reported in  th is  chapter.
The a ttra ctive  feature o f  wide-range lin e a r  e le ctron ic  tuna- 
b i l i t y  o f an OTA with con tro l voltage or current has already 
been exhibited fo r  f i l t e r s .  In th is  chapter, OTAs have there­
fore  been employed, along with, capacitors in  rea liz in g  
e le c tro n ica lly  tunable o s c il la to r s  and a function  generator.
The c ir c u i t  rea liza tion s  are found to  be simple and present
lin e a r  con tro l o f  frequency with Ig/Vg over many decades. They
81are a lso  a ttra ctive  fo r  fa b r ica tion  in  MOS technology
The chapter is  organized as under. In Section  7 .1 ,
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eight c ir c u its  o f OTA-C based sinusoidal ETOs are given.
Detailed analysis o f one c i r c u i t  i s  included and the resu lts  
o f  sim ilar analysis on remaining c ir c u it s  are presented in  
a tabular form. The performance study o f  the c ir c u it s  is  
considered in Section  7 .2 . The re a liza tio n  and study o f an 
e le c tro n ica lly  con tro lled  OTA-C function  generator is  carried  
out in  Section 7 .3 . The function  generator simultaneously 
provides, s in e , square and trian gu lar waveforms. Experimental 
in vestigation s on two ETOs and the function generator are 
reported in  Section 7 .4 . Some important p ra ctica l considera­
tion s , which help in  the re lia b le  design of OTA-C based 
f i l t e r s  and o s c il la to r s  are considered in  Section 7 .5 . F inally , 
the concluding remarks on the chapter are given in  Section  7 .6 .
7 .1  E lectron ica lly  Tunable OTA-C O scilla tors
In th is  section , eight c ir c u it s  o f e le c tro n ica lly  
tunable sinusoidal o s c il la to r s  are rea lized  and studied. A ll 
the c ir c u it s  employ two Pis and capacitance-ratios in  th e ir  
rea liza tion  and exh ib it com p atib ility  to  MOS technology. The 
d eta ils  o f  the rea liza tion s , which are sim ilar to  those o f 
OTA-C f i l t e r s  o f  Chapter 6, are not included here. D irectly  
the c ir c u its  and th e ir  important d e ta ils  are given. For 
i llu s tra t in g  the procedure, the c ir c u i t  o f an ETO is  analysed 
in  d e ta il. The resu lts  o f  s im ilar analysis on the remaining 
c ir c u its  are included in  a table.
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0 Study o f  STO-A
The c ir c u its  o f  eight OTa-C e le c tro n ica lly  tunable 
o s c il la to r s  are shown in  Fig. 7 .1  through 7 .8 . These sh a ll, 
henceforth, be referred  to  as ETO-A through-H fo r  convenience. 
The ETO-a is  f i r s t  considered in  d e ta il in  th is  section .
Consider the circ\ iit o f ETO-A, which con sis ts  o f  two 
programmable in tegra tors , PI^ and PI^, and four cap acitors.
For the purpose o f  ansilysis, the point P i s  tem porarily assumed 
to  be ungrounded with an excita tion  vo ltage  (v^) applied to  i t .  
Using eqp. (6 ,2 )  fo r  the FIs, the TF o f the c ir c u i t  is  obtained 
as
V [Kt t ^  -  s ( l - 0 ) ]
= ♦ S[ ^
Where
a = 0 =» " 1>2). (7 .2 )
The denominator o f  (7 .1 )  c le a r ly  exhibits the p o s s ib i l i ty  o f  
pole-adjustment on to  the Jw-axis through the parameters 
involved with the c o e f f ic ie n t  o f  s . The c i r c u i t  may be 
made to  o s c i l la te  i f  the p o le -p a ir  is  pulled  on to  the jw - 
axis by making
K K
[ - i  -  ( a ( l - a ) - g } ] . - ^  = 0 .  (7 .3 )
K2 1+a
Sim plication o f (7 .3 )  g ives the follow ing con dition  of
I
o s c illa t io n s  ;
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Fig.7-1 E T O - A Fig. 7-2 E T O - B
Or*"
:C4
B2
Fig.7.3 E T O - C(Quadrature Oscillator)
C2
Fig.7-4 E T O - D(QuadratureOscillator)
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Fig. 7-6 E T O - F
Ibi+Ib ;
Ib .
Ffg. 7 - 8 - H
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When (7 .4 ) is  s a t is f ie d , on grounding the input te m in a l P,
the c ir c u it  o s c il la te s  at the frequency given by
K. K 0 1/2
Wq = [ J . (7 ,5 )
°  1 ^
Note that i f  both the OTAs are fabricated  on the same chip ,
l ik e , LM 13600/LM 13700, the transconductance (gj^ )^ o f  two
OTAs w il l  match f o r  equal b ia s -con tro l  currents, I„  = = I „ .
®1
Under th is  con d ition , eqns. (7 .4 )  and (7 .5 ) ,  resp ectiv e ly , 
reduce to
= a ( l -3 )  -  p, with a > 0 (l+a) (7 .6 )
and
I r 1 P 1/2
'"o = C T T " * ITE ^I i l  i2
In a s im ilar manner, the remaining o s c i l la t o r  c ir c u it s ,
B through H shown in  Figs. 7 .2  through 7 .8 , were analysed and 
the expressions fo r  th e ir  con d ition  and frequency o f  o s c i l la ­
tions derived. These resu lts  are included in  the Table 7 .1 .
The f i r s t  two columns g ive  the general condition  and frequency 
of o s c illa t io n s  fo r  the c ir c u it s .  The same resu lts with 
matched-OTAs, i . e . ,  OTAs on the same ch ip , and supplied through 
the same b ia s -con tro l are shown in  the th ird  and the fourth  
columns. I t  is  evident from the table  that the general conditions
^  = a ( l -S )  -  3 . (7 .4 )
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o f o s c il la t io n s  are in  the form o f ratioed-parameters and 
the frequency o f  o s c il la t io n s  o f  the c ir c u its  are found to  be 
d ire c t ly  proportional to  the b ia s -con tro l current ( I g ) .
The f i r s t  feature o f having condition  o f  o s c il la t io n s  
only in  terms o f ratioed-Cs and ratioed-g^s o f  the OTAs 
(assuming the same con trol current) make the c ir c u i t  highly 
stab le , p a rticu la rly  i f  fabrica ted  in the m onolithic techno­
logy. The C -ratios may be implemented in  high p recis ion  and 
s ta b il ity  in  MOS technolog)^^^^ . A lso, the a ctive  devices 
on the same chip w ill  not only exh ib it matched-parameters, but 
w ill  a lso  exh ib it inherent tracking over wide range of 
operation^®. This emplies that once the condition  o f o s c i­
l la t io n s  is  set, the o s c i l la t o r  may be tuned over a wide range 
o f frequency without disturbing the condition  o f  o s c il la t io n s .
The d ire c t  va ria tion  o f  frequency with the b ia s -con tro l 
current (Ig ) i s  a highly desirab le  feature in  an OTA-based 
c ir c u it .  This lends wide-range e lectron ic  tu n ab ility  to  the 
c ir c u it s . For OTAs, l ik e , LM 13600 or LM 13700, th is  lin e a r ity  
extends to about s ix  decades®^"^.
Some additional a ttra ctiv e  features are exhibited by 
ETOs, C and D, shown in  Figs. 7 .3  and 7 .4 , resp ective ly .
These ETOs have been rea lized  with the analog computer method.
In our laboratory, the lin e a r  varia tion  was p ra c t ica lly  
observed over four decades.
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discussed in  Section  5*2. Both the c ir c u its  provide quadra- 
ture-outputs at the outputs o f  the two Pls^^, and have condi­
tion s o f o s c illa t io n s  only in  terms o f ra tioed -capacitors  and 
independent o f  in tegration  constants o f the P is. The absence 
o f  a ctive  parameters from the condition  o f  o s c illa t io n s  
improves the s ta b i l it y  o f  the c ir c u it s  and a lso  eleminates 
the requirement o f  matching o f  active  parameters. Such 
c ir c u its  exh ib it high s ta b i l it y  even in  d iscrete -fon n . Inde­
pendent passive tu n a b ility  is  a lso  present through the 
integrating ca p a citors , C. and C. . These features presenti l  I 2
the su periority  o f ETOs C and D over other c ir c u it s  without 
increvising the component count.
I t  may be noted that the frequency o f o s c i l la t io n  in  
a l l  the cases is
w a 1 /(C . .C o i 2
Since in  the IC version  o f  the c ir c u it s , C. and C. w ill  bei-j ip 
c  Q  g o  *  ^
required to  be o f low-values ’ , the c ir c u it s  w il l  be more
sxiitable fo r  high frequency range o f  operation. This draw 
back may be eliminated to  a large extent and the frequency 
o f  operation may be extended to  low-frequency ranges by 
employing C -m u ltip liers , as discussed in  Section 6 .1 . Another 
a ltern ative  is  to  use d iscre te  ch ip -cap acitors  fo r  Cj s^. Such 
capacitors a lso enjoy high p recis ion  and s ta b i l it y . For 
re lia b le  operation o f the c ir c u it s , i t  is  recommended to
314
s ta b iliz e  the c ir c u its  against temperature varia tion s , due 
to  the presence o f  in  the frequency-expression'^^. This 
aspect shall be examined in  more d eta il in  Section 7 .5 .
7 .2  S en sitiv ity  Study o f STOs A through H
The s e n s it iv ity  aspects o f the c ir c u it s  reported in 
Section  7.1 are examined. The increamental s e n s it iv ity  o f  
with respect to  a ctive  and passive parameters is  evaluated.
The fin a l resu lts o f such a study being summarized in  Table 7.2,
The active  s e n s it iv it ie s  o f  are found to be equal 
to h a lf with respect to  g_ and g_ (o r  Ip and ) .  In
“ l  “ 2 ^1 ^2
case o f  matched-parameters, the active  s e n s it iv it ie s  become 
equal to  one, showing lin e a r  varia tion  o f w^  with g^ (o r  Ig ) . 
The w ^-sen sitiv ity  with respect to  the integrating and other 
c ir c u it  capacitors i s  a lso  found to  be le ss  than or equal 1 /2  
in  magnitude fo r  a l l  the c ir c u it s .  In addition , a l l  the 
o s c il la to r s  exh ibit the a ttra ctiv e  feature o f  having sensi­
t iv i t y  measure, E = 0. Thus, the study shows the ETOs to
^o
enjoy low se n s it iv ity  p roperties .
7 .3  Realization o f  OTA-C Function Generator
A scheme fo r  the rea liza tion  o f  high quality function
generator which simultaneously gives sine, square and tr ia n -
05
gular waveforms i s  shown in  Fig. 7 .9  . I t  comprises o f  : a
high-U band-pass f i l t e r ,  a high-gain am plification  b lock , an 
attenuator and an in tegra tor. To tinderstand the basic
■A  1. -
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Ffg.7.9 The basic s ch e m e  for the rea l izat ion  of 
func t ion  generator.
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operation o f  the scheme, assume that sinusoidal output at a
center-frequency. i s  already available at the output o f
the BPF. This signal i s  fed  to the high-gain am plification
block , which converts the sine waveform in to  good quality
square waveform. An a ltern ative  is  to  use a Schmitt tr igg er
88fo r  the job  . The output le v e l of the square wave is  basi­
c a lly  determined by the b ia s in g -le v e l o f the am plifier u n it. 
I t  may be adjusted to  any d e s i r e d  le v e l through the use of 
zener lim ite rs . The square-wave i s  applied to  an integratirg  
block to  produce symmetrical triangular waveform. The 
square waves are a lso  attenuated and intum  applied to the 
band-pass f i l t e r .  The f i l t e r  re je cts  the hamonics and pure 
sinusoidal output at a frequency, f^ , i s  obtained. Thus, 
the desired signals are generated by the system.
The quality and frequency s ta b il ity  o f the o s c il la to r  
is  d ire c t ly  a function  o f  s e le c t iv it y  (pole-Q ) and frequency 
s ta b il ity  o f  the BPF. By making the f i l t e r ’ s Q high, good 
quality sine wave can conveniently be generated. The peak- 
to-peak output le v e l  o f the sine wave is  V *-tim es the peak- 
to-peak voltage le v e l o f the square wave applied at the 
input o f the BPF. Therefore, fo r  con tro llin g  the amplitude 
o f the sine output, a variab le  attenuator may be employed in 
the feedback path, from the high gain am plifier to  the input 
o f the BPF. The qu a lity  o f  the square wave w ill a lso  be high, 
i f  the gain of the am pliflying block is  high. This may a lso
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be achieved by using a regenerative comparator, such as 
Schmitt tr igg er . By employing a tunable in tegra tor, the 
output le v e l o f the triangular waveform may also be con tro lled .
Based on the above considerations, an OTA-C version  of 
the fxmction generator is  rea lized , as shown in Fig. 7.10.
In th is  re a liza tio n , the band-pass c ir c u it ,  F ilter-B  o f  Fig. 
6 .12 , is  employed. I t  may be noted that the mid-band gain is  
independent o f  w^  and Q fo r  the BPF. The important parameter- 
relationsh ips fo r  the f i l t e r  are given below fo r  convenience :
w • (7 .8 )
2VtCi
and
Q = j — . (7 ,9 )
Bo
The f i l t e r  is  designed by f i r s t  se ttin g  Ig to  a very small
o
value, say Ig 1 mA, in  order to  ensure a high-U value fo r  
o
the c ir c u it  over the en tire  frequency range. When w^  is
tuned with the Ig -co n tro l, Q a lso  varies . However, the
selected  Ig-value should be such that i t  ensures high s e le c -  
o
t iv ity  and good quality  waveform over a wide frequency range 
o f operation.
The high gain block is  rea lized  by loading an OTA wih 
with a re s is to r , simulated through an OTA itself^^ '® ® . For 
the in tegrator, the PI o f  Section  6.1 is  employed. The
5 2 0
Fig. 7.10 The O T A -C  based function generator.
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con trol o f the in tegration  constant, and hence the in teg ra tor ’ s 
output le v e l , is  obtained from the con trol o f  • In the • 
c ir c u i t ,  a simple C-attenuator is  used fo r  the adjustment o f 
the output le v e l o f the sine wave. A function generator w ill 
actu a lly  be designed and ejqperimentally v e r if ie d  in  the next 
section .
7.  ^ Experimental Results
The follow ing three o s c i l la t o r  c ir c u it s , studied in 
th is  chapter, were designed and experimentally v e r if ie d  ;
( i )  O scilla tor-G  having condition  o f o s c illa t io n s  in  terms 
o f  g - r a t io  and C -ratios ;
( i i )  O scillator-C  (the quadrature o s c il la to r )  having condi­
tion  o f  o s c il la t io n s  only in  terms o f  C -ratios ; and
(ii i)  The OTa-C function  generator, providing sin e, square 
and triangular waveforms.
In a l l  the cases, the c ir c u it s  were designed using dual-OTAs,
LM 13600 N, and d iscre te  ca p a citors , with measured values 
within an accuracy o f  1 percent. The d eta ils  are provided 
as under :
7 .^ .1  O scillator-G
The O scilla tor-G  o f  Fig. 7 .7  was in i t ia l ly  designed 
fo r  a frequency o f 13.8 KHz at room temperature o f 28°C. On 
p rese lectin g , Ig = Ig “ expressions
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availab le  in  Table 7 .1  gave the fo llow ing component-values : 
Cl = = 3.^ nF, C2 = = 530 pF, = 2  nF. For
the adjustment o f  the con dition  o f  o s c illa t io n s  with C^, a 
trimmer was actu a lly  employed and the tuning was performed
by varying the b ias-cu rren t (Ig )  over fiv e  decades, i . e . ,
-2  3Ig = 10 juA to  10 joA, On settin g  the con dition  o f o s c i l la ­
tion s , the c ir c u it  was found to  provide good quality waveform 
at the designed frequency. The b ias-curren t was then varied 
over the indicated range. The esqjerimental resu lts  are given 
in Fig, 7.11. These show the va ria tion  o f  frequency and the 
o s c i l la t o r ’ s output v ilta g e  with respect to  Ig. I t  may be 
observed that a s t r i c t ly  s tra igh t l in e  relationsh ip  was 
p ra c t ica lly  obtained over three decades, i . e . ,  from 300 Hz 
to  about AOO KHz. In the experimentation, i t  was observed 
that the frequency range frc«n 1 ,4  KHz to about 250 KHz was 
covered on a sin g le  settin g  o f the condition  of o s c il la t io n s . 
However, at lower frequencies, more frequent adjustments in 
condition  o f o s c il la t io n s  were required due to  the r ise  in  
the amplitude o f o s c i l la t io n s . I t  may a lso  be observed that 
the o s c il la to r  provided a highly s ta b ilize d  output over two 
decades,, v i z . ,  from 1 .4  KHz to  150 KHz. In th is  range the 
amplitude variation  was found to be within 3 percent, without 
using any external amplitude s ta b iliz a t io n .
7 .4 ,2  O scilla tor-C  ; The quadrature O sc illa to r
The ETO-C o f  Fig. 7 .3  has the follow ing two important 
features :
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I g C / J A ) ---------
Fig. 7-11 (i) Var iat ion of f requency  w i t h  b i a s - c u r re n t
(Ig)  for ETO -G ,
(ii) V a r i a t i o n  of o u t p u t - v o l t a g e  leve l  w i t h  
b i a s - c u r r e n t  (Ib ).
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( i )  I ts  condition  o f  o s c il la t io n  is  only in terms o f 
C -ra tios , i . e . ,  independent o f or g^ -ra tios .
( i i )  The o s c i l la to r  provides quadrature-outputs at the 
output tenninals o f the two Pis.
The c ir c u it  was experimentally v e r if ie d  with respect to the
two features mentioned above. The o s c i l la to r  was in i t ia l ly
designed fo r  a frequency, f^ = 410 KHz. On p rese lectin g ,
I„ = I d = I q = 500 mA, the component values were determined
with the parameter relationsh ips given in  Table 7 .1  at a room
temperature o f 28°C. The designed values were : =
C, = C, = 1  nF, and C. = C, = 2.635 nF. A d is cre te  version  
5  ^ i l  I 2
of the c ir c u it  was fabrica ted  and fo r  the adjustment o f the 
condition  o f  o s c il la t io n s , a trimmer was employed with C .^
The c ir c u it  was found to  provide simultaneous sine and cosine 
outputs at the designed frequency o f  410 KHz. The quadrature 
waveforms are shown in  Fig. 7 .1 2 (a ).
In order to  test the aspect o f wider tu n a b ility  o f  the 
c ir c u i t ,  the control current Ig was varied from 10”  ^ juA to 
10^ MA. The variations in  frequency and amplitude with respect 
to Ig are shown in Fig. 7 .1 2 (b ). Over a large range o f 5 
decades. I t  is  seen that lin e a r  varia tion  o f  frequency with 
the con tro l-cu rren t extends p ra c t ica lly  over four decades.
This o s c i l la to r  actually  provided lin e a r ly  tunable s in e /cosin e  
waveforms in the frequency range from 70 Hz to 800 KHz. The 
amplitude o f two waveforms were a lso  found to  be substantially
5 2 5
Fig.7.12 (a) Output w a v e - f o r m s  of the  q u a d r a t u r e
o sc i l l a to r  ( E T O - C )  at Id  =500 /jA, 
fo =^10 KHz
Horizontal  scale:2yu sec/div.
Vert ica l  s c a l e :  for 20mV/d iv  and
for Vq2 50mV/div.
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Ib  (AJA)
Fig. 7.12(b) P e r fo rm an ce  cu rves  of E T O - C
(i) Var ia t ion  of frequency with I b  and
(ii) Variat ion of output vo l tage  w i th  I b
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constant over 2 decades. The amplitude varia tion  was a lso  
found to  be within 5 percent in  the frequency range o f  0 .8  
KHz to  800 KHz.
The s ta b il it y  o f  the o s c i l la t o r  at a single setting 
o f the condition  o f  o s c il la t io n s  was a lso  ca re fu lly  observed.
The c ir c u i t  was found to  provide good quality  sinusoidal wave­
form from 800 Hz to  800 KHz (5 decades) at a sin gle  settin g  
o f the condition  o f o s c il la t io n s . This shows an exce llen t 
s ta b i l it y  o f the c ir c u it ,  which is  d i f f i c u l t  to  obtain with 
other simple o s c il la to r s  availab le  in  the techn ica l l ite r a tu r e . 
However, at lower frequencies (< 800 Hz) more frequent adjus- 
ments were required, as the amplitude o f  the output starts  
increasing at lower frequencies. F inally , the overa ll resu lts 
show that the simple c ir c u i t  provides good quality  quadrature- 
wavefoms and is  lin e a r ly  tunable over fou r decades. The 
c ir c u it  a lso  has high grade o f amplitude and frequency 
s ta b il ity .
7 .^ .3  Function Generator
The function generator o f  Fig. 7.10 was designed and
experimentally v e r if ie d  in  the range o f 10 KHz to  1 MHz, As
the f i r s t  step, the BPF unit was designed fo r  a centre
frequency o f  140 KHz with a Q o f  150 at a room temperature o f
28°C. I n it ia l ly  on p rese lectin g , Ig = 1 aiA and Ig = 150 /lA,
o
(6 .15 ) gave, C = 3.3 nF. The am plifier b lock  was designed
to provide a gain o f  1000 by se le ct in g , = 1 mA and I,, = 1 uA.
®1 ®2
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The in tegra tor  was designed with C. = 10 nF at = ^00
The attenuator was adjusted to  provide an a tten u ation -factor 
o f  0.0124 with capacitors o f  measured values o f  = 12.6 pF
and = 1.003 nF. The resu lting  c ir c u it  was tested and found 
to  provide high quality  sine, square and triangular waveform 
at 137 KHz. The waveforms at the three outputs o f  the function 
generator are shown in  Fig. 7 .1 3 (a ).
The frequency o f  the function  generator was tuned over 
the designed range by varying the control current (ig )from  
10 /iA to  1 mA. The variation s o f  f^ and the magnitude of the 
sinusoidal output with respect to  Ig are shown in  Fig. 7 .1 3 (b ). 
I t  i s  evident from the resu lts  that a lin ea r  varia tion  o f 
frequency with Ig over two decades is  present. A lso, high 
amplitude s ta b iliz a t io n  i s  present in  th is c ir c u i t  and the 
output only starts to  deviate from the constant value at f r e ­
quencies above 400 KHz. As long as the u o f  the BPF is  high, 
exce llen t quality sine waveform is  obtained. I t  was noticed 
that when Q became le ss  than 25, at Ig < 25 >iA, the quality 
o f  sine-wave d eteriora te . High quality waveform was again
restored by readjusting, Ig = 0.1 l^A, fo r  Ig < 25 p A .
o
7.5 P ractica l Consideration
In th is  section  important p ra ctica l considerations, 
which are essen tia l fo r  r e lia b le  design and operation o f  OTA-C 
c ir c u its  are b r ie f ly  described. Some o f these factors  are in 
common with the OA-C c ir c u its  considered e a r lie r . A reliab le
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( i )
(ii)
(iii)
Fig.7-13(a)“ Var ious output w a v e s h a p e s  of the function  
generator  of F i g .7-10 for lB = 150yuA,
(fo = 140 KHz).
(i )  S i n e - w a v e : V e r t i c a l  s c a l e  = 10 nnV/Div.
Hor izon ta l  s c a le  = 5 /Js/Div.
(ii) Sqa re -w a ve  --Vertical s c a l e  = IV/Div.
Hor izona l  s ca le  = 5/js/Div.
(lii) T r i an gu la r  w ave :  V er t i ca l ' s ca le=10  nnV/D’iv.
Hor izon ta l  s c a le =  5yus Div.
550
(/JA)
Fiq.7-13 (b) ( i ) Variation of frequency w ith  b i a s - c u r r e n t d g ) 
for RG.  of Fig.7.10.
(ii) Var iat ion  of out vo l tage  l e ve l  (v i)  with  (Ig) 
for the F. G-
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performance from the designed OTa-C c ir c u it  is  only possib le  
i f  the design takes in to  consideration  the p ra ctica l lim ita ­
tions o f the devices employed in  the c ir c u i t  rea liza tion .
7 .5 .1  Slew-rate lim itations'^^
In most o f the OTA-C rea liza tion s , i t  has been observed 
that OTAs are loaded with a capacitor to produce the desired 
in tegrating e f fe c t .  I t  is  well known that such an arrangement 
i s  responsible fo r  the slewing rate problem. Slew-rate (SR) 
may be defined as the maximum rate o f  change o f  voltage across 
the capacitor^^, i . e . ,
dv
SR =
dt
(7 .10)
max
Thus, the lim ited  rate o f  change o f  ca p a c ito r 's  voltage brings 
in  the slew -rate lim ita tion  in  a c i r c u it .
Assume, the in tegra tor ’ s output to  be given by
v^ = v^ = v^.Sin wt. (7 .11 )
I t  fo llow s
dvc = wv^.Cos wt (7 .12)
dt
and the maximum rate o f  change fo r  the sine wave is
dv
dt
= wv^. (7 .13)
max
Since the integrating ca p a citor ’ s current ( l^ )  cannot be
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greater than the con trol b ias-cu rren t ( l g ) j  due to  the
min ternal structure o f the OTA ,
max — B
and
The expression fo r  the pole-frequency (w^) in  an OTa-C c ir c u its  
i s  o f the form
W = a --------- (7 .15 )
° 2V^ C
where, almost invariably the feed-back attenuator fa cto r  a < 1. 
From equations (7 .1 4 ) and (7 .1 5 ) , one gets
aw
In f i l t e r  app lica tion s, with U ^ 1, there is  a pronounced 
maximum in  most o f the f i l t e r s  outputs at w = w .^ So fo r  a 
sinusoidal output, the slewing rate lim ita tion  is  given by
<- ■ a
Now, i f  the worst case o f feed-back fa c to r , i . e . ,  a = 1 ,  is  
considered, then the f i l t e r s  output must not exceed 2V,p 
( =  52 mV, at room temperature). Therefore in  f i l t e r s ,  where 
the f i l t e r s  gain is  le s s e r  than or equal to  unity, the input 
to f i l t e r  must be lower than 2V  ^ ( -^50 mV) fo r  d is to rt ion less
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output. For f i l t e r s  with gain more than unity , the input 
le v e l must be adjusted accordingly . I f  the requirement o f 
eqn (7 .1 7 ) is  not met, then jump phenomenon and hysteresis in  
the frequency response w il l  occur with a reduction in  the 
resonant-frequency. There i s  a lso  a p o s s ib i l i t y  o f  o s c i l la ­
tion s , due to  the clipp in g  at the outputs o f  the OTa s .
This problem o f re s tr ic te d  in p u t-lev e ls  to  the device 
can however be obviated by incorporating lin ea riz in g  diode 
c ir c u i t  on the OTA chip®^'^^. This m odifies the tran sfer 
ch a ra cter istic  o f  the OTA and renders i t  substantia lly  lin ea r  
over a large voltage range o f  few v o lts  ( ~ 8  V ). OTas with 
on-chip lin ea riz in g  diodes are ava ilab le  in  a number o f 
commercially ava ilab le  ch ips, l ik e , CA3280, LM 13600, LM 15700, 
LM 11600, LM 11700, e tc . In addition , most o f  these OTAs also 
incorporate the b u ffer  stage, which is  useful in  many c ir c u it  
rea liza tion s . Thus, the use o f  such OTAs w ill  reduce the 
problem o f restr ic ted  input le v e ls  and slew rate.
7 .5 .2  E ffects  o f temperature va ria tion
In most o f  the OTa-C c ir c u it s ,  parameter relationsh ips 
are in  terms o f  the transconductance gain (gjjj). Therefore, 
i t s  varia tion  with temperature has important e f fe c t  on the 
performance o f  the c ir c u it s . In a p ra ctica l OTa , the g^ is
given by
g = ^  (7 .18)
2Vj,
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where is  the equivalent therm al-voltage corresponding to 
T (°K ). I t  is  ejqpressed as
KT T
W = ----- = --------  (7 .19 )
q 11600
where, q is  charge o f an e lectron  and K i s  the Boltzraann^s 
constant in  Joule/°K  (= 1,381 x lO"*^  ^ Jou le /°K ). Equations 
(7 .1 8 ) and (7 .1 9 ) y ie ld
I 
T
= 5800 [ —  ]• (7 .20)
From (7 .2 0 ) , i t  is  seen that g^^^ is  in verse ly  proportional to 
temperature. This dependence makes the OTA-based c ir c u it  
operation  unreliab le , p a rticu la rly  under varying invironmental 
con d ition s. I t  a lso  shows g ^ -s ta b iliz a tio n  to  be an important 
fa c to r  fo r  re lia b le  performance o f the c ir c u it s .
From eqn. (7 .1 8 ), i t  is  evident that the temperature 
compansation o f  g^^^ can be achieved by making the am plifier 
b ias-cu rren t ( ig )  a lso  dependent on temperature in  such a 
manner so as to cancel the e ffe c t  o f the change o f temperature 
va ria tion  over a wide range. Such schemes are already 
a va ilab le  in  l ite ra tu re  fo r  the ex istin g  OTAs, and one o f  them 
is  discussed in Appendix E.
I t  is  important to  note that the convenient lin e a r  
tu n a b ility  o f  g^^^ with Ig or Vg con tro l can be used fo r  the 
in it ia l iz a t io n  o f  an OTA-C c ir c u it ,  a te s t  con dition  may be
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incorporated to have a desired  parameter value at a given 
settin g  o f the con tro l-cu rren t. In case th is  condition  is  
not holding good at the time o f  in it ia l iz a t io n , may be 
varied s lig h tly  to get the desired  parameter values.
As an example, consider the case o f F ilter-E  o f 
Chapter 6, fo r  which the pole-w^ and pole-Q  are respectively  
given by
'^o "  2V^C" ’  ^ * (7 .21 )
o
The pole-w^ can be se t by adjusting Ig and then the pole-Q
may be set by Ig . S im ilarly , consider the case o f  O scilla tor-A
o
o f  Section  7 .1 , which has the frequency o f  o s c il la t io n s  given
by
I „  1 C-, C, 1 /2
1 (7.22)
and the condition  o f  o s c il la t io n s  as
^  ^  ^  ^  . {7 .23 )
H  =1 =34 =34
With two OTas on same chip and supplied with equal currents,
i . e . .  In = It3 = Id, the frequency o f  o s c il la t io n s  { v )  may
D 2 D  O
be in it ia l iz e d  by adjusting Ig without a ffe ctin g  the condition  
o f o s c il la t io n s .
Thus, once the te s t  conditions are se t, the c ir c u it  
w ill function with re lia b le  performance provided further
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temperature variation s do not take place during the course 
o f  work. The aspect presents a p ra ctica l su p eriority  o f 
OTa-C c ir c u its  over the Oa-C c ir c u it s .
7 .5 .5  E ffects o f absolute-values o f in tegrating capacitors
In the OTa-C rea liza tion s  based on programmable integ­
ra tors , the ejqpressions fo r  bandwidth and pole-frequency in 
the case o f  f i l t e r s ,  and o f frequency o f  o s c il la t io n s  in  the 
case o f  o s c il la to r s , are in  terms o f  the absolute values o f 
in tegrating capacitors (C^s). I f  d iscre te  version  o f  c ir c u its  
i s  required, d ire c t ly  good quality d iscre te  capacitors, such
pQ
as, ch ip -ca p a citors , may be used . However, in  the monolithic
version  o f  the circu its^  the requirement o f  absolute values
o f  C.s poses p ra ctica l problems. In the MOS-form, the
integrated capacitors are only fabricated  in  low values (0 .1  pF
58 8to  100 pF) and have poor absoluxe tolerance ( ^ 3 0  percent) * .
The low perm issible values o f  C^, generally  r e s t r ic t  the use
o f these c ir c u its  to higher frequency ranges. This aspect
has already been discussed in  Section 6.1.3. The poor absolute
tolerance o f  C.s renders the c ir c u it  design u n reliab le . The 1 '
problems may be circumvented as discussed below :
( i )  The may be fabrica ted , along with, the C -m ultipliars 
on the OTA-chip i t s e l f .  Exact values o f the e ffe c t iv e  may 
then be adjusted through the vo ltage /cu rren t con tro l o f the 
C -m ultip lier. This procedure w ill not only help in  obtaining
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p recise  values o f C^s, but w ill a lso  help in  the convenient 
re a liz a tio n  o f large-valued C^ s^ fo r  low frequency applications.
( i i )  In case, the problem i s  only due to  the poor absolute 
tolerances o f MOS cap acitors, the in it ia l iz a t io n  process 
discussed in  the preceding section  may i t s e l f  be employed to 
obtain the re lia b le  operation o f the c ir c u i t .  This w ill 
eleminate the use o f C -m ultipliers and save the semiconductor 
ch ip -area .
( i i i )  The th ird  p o s s ib i l i ty  is  to  fa b rica te  OTA-C c ir c u its  
in  the MOS-form, without the in tegrating ca p a citors , Good 
quality  d iscre te  capacitors, such as, the chip ca p acitors, may 
then be connected externally .
7 .5 .^  E ffects  o f  some other important parameters
Since both the OA-C and OTA-C cla sses  o f  a ctive  netwoiits 
use only appropriate active  devices and capacitors in  th e ir  
implementation, some o f  the parameters mentioned below a ffe c t  
th e ir  performance in  a sim ilar manner. These are :
A. dc-b ias and feedback^
B. p a ra sitic  capacitances, and
C. dynamic range.
The in flu en ce o f  the mentioned fa cto rs  on the performance of 
the OTA-C network are b r ie f ly  examined.
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A. DC-bias and feedback
Sim ilar to  the case o f Oa-C f i l t e r s  and o s c il la to r s , 
in  some o f  the OTa-C c ir c u it s ,  additional high-valued res istors  
are required to  provide the desired dc input b ias-current and 
s ta b i l it y  to  the c ir c u it .  The dc feedback is  used in order 
to avoid saturation due to  am plifiers o f f - s e t  voltage. For 
example, in  the OTA-C F ilte rs  o f Figs. 6 .4 (a ) ,  6 .1 1 , and 5.15, 
only a high-valued r e s is to r  across C2 in  each case is  required. 
F ilter-C  o f  Fig. 6 .14 , however, requires two high-valued 
re s is to r s , one each across C2 and C^. Some example o f f i l t e r s ,  
which do not require additional r e s is to r  are F ilter-B  (F ig .6.12) 
and F ilter-E  (F ig . 6 .1 7 ). S im ilarly , in  the case o f  OTA-C 
o s c i l la to r s , O sc illa tors  A through G require high-valued 
re s is to rs , whereas, O scilla tor-H  does not require i t .  In 
order that the re s is to rs  may not in te r fe re  with the basic 
operation  o f  the c ir c u i t ,  these are only required to  be 
s u f f ic ie n t ly  large as compared to  corresponding impedance 
presented by ca p a cito r (s ) in  a path. Fortunately, fo r  this 
purpose, the res is to rs  are not reqxiired to  be exact or even 
o f the repeatable value ; as long as one can re ly  on reaso­
nable parameter tracking on each d ie.
As has been mentioned e a r lie r , in  the case o f  MOS 
m onolithic c ir c u it s , a number o f  methods are available fo r  
the implementation o f  such r e s is to r , such as, fa b rica tion  o f  
pinched re s is to r , discussed in  Section 1 .3 .1 . Another
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in terestin g  p o s s ib i l i ty  l i e s  in  the use o f  lo ssy  d ie le c tr ic s
so that the RC-product on a wafer is  autom atically the same.
Sometimes, the small b ias-cu rren t required fo r  the input
stage o f  a MOS OTas , may d ire c t ly  be provided through a
leakage-path on the chip or by some su itab le  means internal 
73to  the device .
B. E ffe ct  o f  p a ra sitic  capacitors
The e f fe c t  o f p a ra s itic  capacitors on the performance 
o f OTa-C f i l t e r s  and o s c il la to r s  are a lso  s im ila r  to  those 
discussed fo r  the OA-C c ir c u it s .  In general, these e ffe c ts  
may be minimized through proper layout design. A lso, as in 
the case o f  OA-C c ir c u it s ,  the p a ra s itic  capacitances at the 
input and output terminals o f  the OTAs can d ir e c t ly  be con si­
dered in  the design i t s e l f .  This w il l  not only improve the 
performance o f the c ir c u i t  but may a lso  lead  to  the reduction 
o f component values o f  the fabricated  capacitors and hence
C Q
the chip area .
C. Dynamic-range
The dynamic-range (DR) is  greatly  influenced by the 
ch a ra cte r is t ics  o f the a ctiv e  device used in  the c ir c u it  
implementation. I ts  in flu en ce on the performance of OTA- 
based f i l t e r s  has already been examined in  Section  6 .3 , 
p a rticu la r ly , in  connection with the design o f higher order 
systems. I t  has been shown that the use o f  tra d ition a l OTAs
3 ^ 0
o f 3080-type may severely r e s t r ic t  the DR o f the realized 
f i l t e r s  due to  th e ir  lim ited  d if fe r e n t ia l  input range o f only
8Qa few m illiv o lts  . However, th is  problem may ea s ily  be 
obviated by using the improved OTAs, with on-chip diode l in e a r i­
zation , such as, CA 3280, LM 13600, LM 13700. The large lin ea r
input signal range of about 8 v o l t  in  such OTAs improves the
89 90dynamic range many fo ld s  ’ .
7 .6  Concluding Remarks
In th is  chapter, wide-range e le c tro n ica lly  tunable 
OTA-C c ir c u its  o f eight sinusoidal o s c il la to r s  and a function 
generator were rea lized  and studied in  d e ta il. A ll the r e a l i ­
za tion s, b a s ica lly  employ OTas and capacitors and hence are 
id e a lly  suited to  m onolithic MOS fa b r ica tion . The c ir c u its  
are a lso  characterized by a ttra ctiv e  s e n s it iv ity  properties.
Two o f  the sinusoidal o s c il la to r s  were rea lized  from the 
analog computer approach, using two in tegrators in  a closed  
loop  con figuration . Such c ir c u it s  are characterized by the 
additional a ttra ctiv e  features (as in  the case o f  OA-C net­
works) o f  providing simultaneous quadrature-outputs at the 
output terminals o f Pis and having th e ir  condition  o f 
o s c il la t io n s  only in  terms o f C -ra tios . The second feature 
lends wide-range e lectron ic  tu n a b ility  (about 3-decade) to 
the c ir c u its  at a s in g le -se tt in g  o f the con dition  of o s c i l la ­
tion s. High s ta b iliz a t io n  o f  frequency and amplitude is  
a lso  present in  these c ir c u it s .
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A rea liza tion  fo r  an OTA-C function  generator was 
a lso  given. This c ir c u it  provides good quality  sine waveform. 
In addition , square and triangular waveforms are a lso  simul­
taneously availab le  from the c ir c u it .  The function  generator 
has wide range e lectron ic  tu n a b ility  over 2-decades and a lso  
possesses the convenient amplitude con tro l. Three o f the 
c ir c u it s  were a lso  designed and experimentally v e r if ie d  fo r  
th e ir  important features indicated  in  the theory. The 
experimental resu lts  were adequately found to  supplement the 
theory.
The features presented in  th is  chapter show that the 
OTA-C o s c il la to r s  have great poten tia l fo r  th e ir  wide applica­
tion s in  in strm en ta tion  and communication systems, where 
particxolarly wide-range e lectron ic  tu n a b ility  is  reqxiired. 
Probably the lin e a r  e lectron ic  tu n a b ility  and the amplitude 
and frequency s ta b il it y  exhibited by these c ir c u it s  are 
unmached by other simple c ir c u it s  ava ilab le  in  the tech n ica l 
literature^® ” ^^^. In case, the c ir c u its  are designed in  the 
m onolithic form, much b e tte r  p ra ctica l performance than that 
reported in  Section 7 .4  on the d iscre te  versions o f  the 
c ir c u it s  is  expected.
Some o f the p ra ctica l con siderations, which are 
extremely important in  the design and re lia b le  operation of 
OTa-C f i l t e r s  and o s c il la to r s  were a lso  studied. These are
3h2
b a s ica lly  based on the actual ch a ra cte r is t ics  o f a p ra ctica l 
dev ice . I t  was found that fo r  r e lia b le  operation, OTAs with 
temperature s ta b iliz a t io n  and lin ea rized  diodes arrangement 
fo r  the extension o f dynamic range are required. In case the 
c ir c u it s  are to  be m icrom iniaturized, MOS-OTAs with these 
desired features w ill be required. This poses a real 
challange to the device designers.
C H A P T E R  8 
C O N C L U S I O N S
The growing s ize  and com plexities o f  modern instrumen­
tation  and communication systems have made i t  necessary to 
b u ilt  superio r  f i l t e r s  and networks, which can provide high 
quality  and re lia b le  performance within reasonable cp st. The 
advantages o f IC technology, mainly in  terms o f  high p erfor­
mance and r e l ia b i l i t y ,  within low weight, s iz e  and co s t , have 
made a tremendous impact on the e le ctron ic  system design. An 
increasing number o f e le ctron ic  c ir c u it s  and systems, both 
analog and d ig ita l , are now being b u ilt  in  the microminia­
turized  fonn. In the case o f analog systems, the la s t  two
decades has witnessed a revolu tion  o f a ctive  networks from
1-40the a ctive  RC c ir c u its  , su ita b le  fo r  hybrid IC implemen-
kl-(55ta tion , to  the active-R  c ir c t iits  , su ita b le  fo r  b ip o la r
m onolithic implementation and f in a lly  to  the present state 
o f  sw itched-capacitor and active-C  networics^^®^, which are 
su ita b le  fo r  rea liza tion  in  the m onolithic MOS technology.
The modem e lectron ic  systems are a lso  becoming hybrid in  
nature, i . e . ,  they are imploying both the analog and d ig ita l 
subsystems in  th e ir  rea liza tion . As a re s u lt , i t  has become 
highly desirable to  incorporate, both, the analog and d ig ita l 
systems on the same semiconductor chip^^. This has further 
emphasized the m onolithic implementation o f  f i l t e r s  and other 
lin e a r  networks in  the contemporary IC technolog ies. Currently,
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the MOS t echnology is  dominating the scene fo r  d ig ita l  
s y s t e m ^ ^ I t  i s  therefore highly advantageous i f  analog 
ciixiuijts c an als o  be realijzed in  a form, which is  compatible 
with MOS implementation^®'
In th is th es is , a re la t i v ely new c la ss  o f analog 
a ctive  networks, ca lled  the active-C  networks, have been 
rea lized  and studied. These have been found to  encompass
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high performance, a s -w ell-a s , com p atib ility  to IC implemen­
tation  in  the MOS-form. The active-C  networks have been
c la s s i f ie d  under : ( i )  OA-C networks, and ( i i )  OTA-C networks. 
The OA-C class  o f  networics employ the internal dynamics o f  an 
operational am plifier, along with capac i t  o r -ra t io s , in  the 
rea liza tion  o f lin e a r  networic fu n ctions. This leads to  a 
s ig n ifica n t  improvement in  the high-frequency performance o f 
these networks and a lso  makes them su itab le  fo r  MOS-implemen- 
tation .' The in vestigation s on the OA-C c ir c u it s  have been 
considered in  Chapter 2 through 5 o f the th es is .
The other c la ss  o f  networks, v i z . ,  the OTA-C networks, 
b a s ica lly  use a re la tiv e ly  new device, ca lle d  the monolithic 
Operational Transconductance A m plifier along with ca p a citors / 
ca p a citor -ra tios  in  th e ir  re a liza tio n s . An OTA is  characterized 
by large-range, lin e a r  tu n a b ility  o f i t s  transconductance gain 
(ggj) with b ia s -con tro l voltage (Vg) or current ( I g ) ^ ’ ^®, and 
wide bandwidth. Moreover, i t  may a lso  be made to  work, both
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as a DVCCS as-w ell-as a DVCVS. These features make the 
OTA-C c ir c ii i t s  simple, wide-range e le c tro n ica lly  tunable, 
su itab le  fo r  high-frequency app lica tion s and compatible to  
the current MOS technology. In the th e s is , the rea liza tion  
and study o f  OTa-C f i l t e r s  and o s c il la to r s  have been taken 
in  Chapters 6 and 7.
8.1 Comparison o f  OA-C and OTA-C Class o f F ilters  and O scilla tors
Based on the study conducted in  th is  th esis , a compara­
tiv e  assesment o f the two c la sses  o f active-C  networks, v i z . ,  
the OA-C and the OTa-C , is  now presented. The varioxis aspects 
on which th is  study is  based are summarized below.
0 High frequency performance
Both the OA-C and the OTA-C c ir c u it s  are su itab le  fo r
re lia b le  high-frequency operation , with the general purpose
active  devices. In the case o f OA-C c ir c u i t s ,  the re lia b le
performance is  obtainable, as long as, the s in g le -p o le  r o l l - o f f
model o f  an OA holds. Above th is  range, p red istortion  technique
may be used in the design o f  c ir c u it s  fo r  high-frequency
ap p lica tion s. With such designs, r e lia b le  performance has
75been reported upto about 2MHz with OAs having B = 4.5 MHz
Even the general purpose OTAs are characterized  by a
QQ onfa ir ly  wide bandwidths in  the range o f  2 to  10 MHz . This 
inherently makes the OTA-based c ircu its  to have re liab le  high
3 ^
frequency performance, upto an appreciable fra ct ion  o f i t s  
bandwidth. For example, resu lts  have been reported in th is  
th es is (S ection  6 ,2 ) ,  where sa tis fa c to ry  performance o f f^ = 
640 KHz was obtained with OTAs having open-loop bandwidth 
o f  2 MHz. In general, both OA-C and OTA-C c ir c u its  can 
conveniently be used upto 1 MHz.
0 Low frequency performance
In context to  m onolithic c ir c u it s ,  the values o f 
integrable capacitors are confined to  the p ic o - fa rad range 
(O .l pF to  100 p F ), and the C -ra tios  should prefereably be 
rea lized  in  low-spreads . This b a s ica lly  makes both the 
classes  o f  integrable active-C  c ir c u it s  undesirable fo r  low 
frequency operation.
In the case o f OA-C c ir c u i t s ,  the expression fo r  w^
i s  generally  o f the form :
where, the ca p a citive  a tten u a tion -fa ctors , i  < 1. In 
order to  achieve low frequency operation i t  is  required that 
7 «  1. This intum  increases the C-spread, which is  an
undesirable feature f o r  the MOS-implementation o f  the c ir c u it s . 
Also in re lia b le  low-frequency designs, the open-loop gain of 
an OA i s  to  be taken as B/(s+w ) ,  instead o f  B /s. But thea
low-frequency model generally  increases the design complexity. 
In view o f  the above, convenient rea liza tion s  are only possib le
3^7
above 5 KHz, with OAs having B’s o f the order o f  1 MHz. At
lower frequencies, exce llen t performance may be achieved
1—40through the well known active-RC c ir c u its  . In case
m onolithic rea liza tion s  are desired , i t  is  recommended to
Ll Aquse MOS-compatible sw itched-capacitor networks
In OTa-C c ir c u it s , the general expression fo r  w^  is  
o f  the form ;
In th is  case, within reasonable spreads, low frequency opera­
tion  i s  p oss ib le  by employing high-valued integrating capa­
c it o r s  (Cj^). D irect rea liza tion  o f  such high C-values in 
the m onolithic form is  im practica l. However, the problem may 
be solved  by employing C -m ultip liers along with low-valued 
in tegrating ca p acitors. A lso, as id ea l model o f  OTA has 
actu a lly  been employed in  design, no frequency res tr ic tio n s  
are imposed by i t ,  in  the OTA-C c ir c u it s ,
0 S e n s it iv ity  performance
In general, both the OA-C and the OTA-C networks are 
characterized  by a ttra ctiv e  low s e n s it iv ity  performance. 
However, in  the case o f  changing environmental con dition s, 
both OA and OTA are to  be su itab ly  compansated against tempe­
rature va ria tion s .
In the case o f OA-C c ir c u it s ,  the low se n s it iv ity
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property holds t i l l  the s in g le -p o le  model o f  OA is  v a lid .
But at higher frequencies, the e f fe c t  o f excess-phase in  OAs 
makes the OA-C c ir c u it s  se n s it iv e . This problem is  not so 
acute with the available OTAs, which inherently have large 
bandwidths ( 2 to 10 Another a ttra ctiv e  feature
exhibited by most o f the OTA-based c ir c u it s  i s  in  th eir  Newell’ s 
s e n s it iv ity  measure being zero^.
0 Parameter s ta b iliz a tio n
The performance o f both classes  o f active-C  c ir c u its  
i s  largely  dependent on the salient-param eters o f  the active 
semiconductor device used. Therefore, fo r  stable  and re lia b le  
operation (p a rticu la r ly  under temperature v a r ia tio n s ), su itab le 
tem perature-stabilization  o f  B, in  the case o f  OA and o f g^ ^^, 
in  the case o f OTA, are required. At higher operating frequen­
c ie s ,  w^  > 0.1 B, s ta b iliz a t io n  o f  excess-phase ( t )  against 
temperature variation s a lso  becomes d esirab le  fo r  OAs.
0 -Components and th e ir  spreads
Both class  o f  active-C  c ir c u it s  employ MOS-compatible 
components in  th e ir  rea liza tion . In the case o f  OA-C c ir c u it s , 
only monolithic OAs and cap acitan ce-ra tios  are required. The 
OTa-C c ir c u its  employ m onolithic OTAs and ca p a cita n ce -ra tios / 
capacitors in  th e ir  rea liza tion . The absolute capacitor term 
i s  introduced due to  the integrating cap a citor  employed in  a 
PI. Because o f the lim ita tion s  o f  MOS-integrable capacitors,
1'
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d iscre te  stable and p recise  ch ip -cap acitors  may be used 
externally  in the P is. This aspect had already been discussed 
e a r lie r  in  Section 7 .5 . A lso, some rea liza tion s  may addition­
a lly  require a MOS SPDT-switch. This d iscussion  c lea r ly  in d i­
cates the a ttra ctiv e  M O S-integrability o f  both the active-C 
c i r c u i t s .
As discussed e a r lie r , gen era lly  the C-spreads may 
become large in  the Oa-C c i r c u i t  designs fo r  the lower 
frequency range of operations. This poses a re s tr ic t io n  
on the low-frequency design. In the OTa-C c ir c u it s , the 
wide-range tu n ab ility  o f  gj^  with Ig helps in  making the C- 
spread low. OTa-C c ir c u it s  may even be designed with a 
spread o f unity. This i s  an a ttra ction  f o r  the monolithic 
implementation o f  these c ir c u it s  over the OA-C c ir c u its .
In both the re a liza tio n s , some times high-valued resis  
tors  may be required to  provide the desired dc-bias and 
s ta b il ity  to  the c ir c t i it s . This i s  not a serious problem, 
as R-values are not required to  be p recise  and even repeatable. 
Such high valued re s is to rs  may now be fabricated  through the
C Q
availab le  techniques in  MOS-form . I t  has a lso  been noticed 
that re la tiv e ly  more o f the OA-C rea liza tion s  require such 
additional high-valued re s is to rs  as compared to  the OTA-C 
c ir c u it s .
3A9
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0 M ultifunctional c a p a b ilit ie s  and design f l e x ib i l i t y
It  has been shown in  the tn esis  that both the OA-C 
and the OTA-C f i l t e r s  enjoy m ultifunctional ca p a b ilit ie s .
Many c ir c u it s  have been found to provide two or more standard 
responses. A lso, the remaining responses, i f  desired, may 
conveniently be obtained through techniques described in  the 
th es is . This m ultifunctional ca p a b ility  is  a s ig n ifica n t 
fa c to r  towards modular design o f  analog systems and is  a lso 
a d esirab le  feature fo r  the in tegration  o f  c ir c u it s .
The designs o f Oa-C c ir c u its  have been found to be 
quite general and s u f f ic ie n t ly  f le x ib le  fo r  covering the 
la rge  parameter ranges. However, th is f l e x i b i l i t y  is  much 
la rg e r  and ea sily  ava ilab le  in  the case o f OTa-C c ir c u its .
These c ir c u its  have the integration -constanr e le ctro n ica lly  
t-unable. This provides great convenience in  me design of 
c ir c u it s  with widely tunable parameters.
0 Tunability aspect
The OA-C c ir c u it s  are generally  found to be tunable 
over a lim ited  range with the b ia s-vo lta ge  con tro l. The tuna­
b i l i t y  range is  generally le s s  than a decade. Moreover, para- 
m eter-control by changing the c ir c u it s ’ b ias-vo ltage  is  generally 
not recommended, as i t  a lso  a ffe c ts  the internal parameters 
and ch a ra cte r is t ics  o f  the a ctive  device.
One o f the most p oten tia l feature in favour o f  the
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OTA-based rea liza tion s is  the wide-range lin e a r  con tro l o f
i t s  parameters with con tro l-cu rren t ( ig )  or voltage (Vg).
This tu n ab ility  at le a s t  extends to  over three decades, even
with low cos t OTa s , and can conveniently go over fiv e  decades
8Q qowith the availab le  improved OTas . Coupled with the 
m ultifunctional ca p a b ilit ie s  o f  OTA-C c ir c u it s ,  the convenient 
e lectron ic  tu n ability  o f  parameters o ffe rs  a great promise in 
making the modular-approach to design o f  analog c ir c u it s  
p oss ib le . In such an approach, the d ig ita l  con tro l o f 
parameters, a s-w ell-a s , respon se-se lection  may be exercised 
through a m icroprocessor.
8 .2  Main Results o f  the Thesis
Chapter 1 provided the basid m otivation fo r  the work 
reported in  th is  th es is . A b r ie f  review o f a ctive  synthesis 
was given. ’ This was follow ed by d is cr ip t io n s  o f  MOS-OAs, -OTAs, 
and cap acitors, along with, the d iscu ssion  o f  th e ir  ideal and 
non-ideal models. E ffects  of temperature and voltage variation s 
on the active  devices were a lso  considered. F in a lly , the 
scope o f  work was outlined.
Chapter 2 was mainly concerned with the rea liza tion  of 
important types o f  grounded OA-C immittance simulators and 
th e ir  performance studies. The basic ob je ctiv e  was to  use 
the immittance sim ulators in  the rea liza tion  o f MOS-compatible 
f i l t e r s  and o s c i l la to r s , considered in  Chapter 3 and Chapter 5, 
respective ly . In addition , the sim ulators may be used in the
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re a liza tio n  o f  some unconventional functions and a lso  in  the 
convenient rea liza tion s o f  large-valued components. The 
various immittance functions rea lized  and studied can be 
c la s s i f ie d  as under : ( i )  Inductor and inductor-based c ir c u its ,
( i i )  FWJR and FIM^R-based c i r c u i t ,  ( i i i )  Frequency dependent 
negative capacitance (FI^CaP) and FDNCAP-based c ir c u it s , and
( iv )  Simulation o f  some important immittance functions. Both 
id ea l and non-ideal immittance simulators were considered.
A lso, techniques fo r  rea liz in g  floa tin g  immittance simulators 
were studied. The performance studies o f the sim ulators, in  
general, showed them to  have the a ttra ctiv e  feature o f fa ir ly  
low-component s e n s it iv it ie s . The c ir c u its  were a lso  found to  
have convenient design over wide parameter values and tu n ability  
o f parameters. E lectronic tu n a b ility  with b ias-vo ltage  con trol 
was a lso  present in  most o f  the cases. The tu n a b ility  was 
however res tr ic te d  to  le ss  than half-decade in  most o f the 
c ir c u it s .  In general, the performance o f the c ir c u it  was 
fouind to  be a ttra ctiv e . In add ition , they showed good prcMotLse 
in  the rea liza tion  o f m onolithic f i l t e r s  and o s c il la to r s .
An important point to  note fo r  Oa-C c ir c u it s  is  in 
th e ir  s e n s it iv ity  figures being around unity. These figures 
are considered to  be a ttra ctiv e  fo r  passive components, 
however, they may pose problems fo r  the a ctive  parameters, 
v i z . , Bs, due to th e ir  high v a r ia b il ity . Therefore, in 
p ra ctica l ap p lica tion s, i t  has been recommended to use
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sta b iliz e d  power-supply and B -s ta b iliza tion  in  the OA-C 
c ir c u i t s ,  p a rticu la r ly  under varying environmental conditions. 
This aspect is  equally app licab le  to  any Oa-C rea liza tion .
It  has a lso  been observed that generally  the simula­
tion  o f  idea l grounded, a s -w e ll-a s , floa tin g  inimittance 
simulators su ffe r  from the requirements of ( i )  large active 
and passive component count, ( i i )  stringent matching-conditions 
and, in  certa in  cases, ( i i i )  r e s tr ic te d  frequency range of 
operation, p a rticu la rly  fo r  flo a tin g  sim ulators. A lso, the 
non-ideal immittance sim\ilators were generally found to have 
the advantages o f lower component count, lower s e n s it iv it ie s , 
and no m atching-constaints, over the corresponding floa tin g  
component sim ulators. These considerations played an important 
ro le  in  the decis ion  on the ch oice  o f  simulators in  the re a li­
zation  o f f i l t e r s  and o s c i l la to r s .
In Chapter 3, tne d ire c t  form synthesis to Oa-C f i l t e r s  
was considered in  d e ta il. Three synthesis techniques, v iz . ,
( i )  L-Based Approach, ( i i )  FDNR^Based Approach and ( i i i )  FDNCaP- 
Based Approach, were described  and c r i t i c a l l y  studied fo r  the 
rea liza tion  o f  second-order, a s -w e ll-a s , h igher-order networks 
in  the Oa-C form. In a l l  the techniques, the starting point 
was e ith er the RLC-prototype or i t s  transform ed-versions. Also, 
each technique required the sim iilation o f  two d iffe re n t  types 
o f  sim ulators, e ith er in id ea l and non-ideal forms. For th is , 
the OA-C simulators o f  Chapter 2 were employed. The problem
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associated  with idea l siniulators, p a rticu la rly  in  flo a tin g ­
mode, has already been discussed. For such s itu a tion s , 
su itab le  a ltern atives have been suggested in  the th esis .
As a f i r s t  a ltern ative , the use o f an appropriate non­
id ea l sim ulator, within a re s tr ic te d  frequency range, w «  B, 
was suggested. In th is range, the suggested non-ideal 
c ir c u it s  were found to  behave as th e ir  id ea l counterparts.
Use o f  such simulators (w ithin the indicated  range) provided 
c ir c u i t  rea liza tion s  with low component count and without 
requiring the c r i t i c a l  component-matching con stra in ts.
Another a ltern ative  was suggested in  the use o f non­
idea l component simulators (without any frequency re s tr ic tio n s ) 
fo r  the sim ulation o f  m ultiple component in  the original 
prototype or i t s  transform ed-versions. On employing the 
component simulators o f  Chapter 2, such rea liza tion s  led  to  
a ttra ctiv e  OA-C c ir c u it s ,  characterized  by low count o f 
active  and passive components and having no matching and 
frequency con stra in ts.
The s u ita b il ity  o f  a d ire c t  form synthesis approach 
la rge ly  depends upon the basic prototype from which the 
c ir c u it  has been rea lized . Based on the study o f  the proto­
types and th e ir  transformed version s, a s -w e ll-a s , the OA-C 
sim ulators availab le  fo r  the jo b , suggestions have been made 
on the ch oice  o f  a p a rticu la r  d ire c t  from synthesis technique.
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A ll the discussed techniques rea lize  second-order and 
h igher-order f i l t e r s  with only OAs and ra tioed -ca p a citors , 
making them suitable fo r  m onolithic MOS-implementation. The 
rea lized  second-order f i l t e r s  were generally  found to provide 
additional response(s), besides the one fo r  which i t  was 
designed. A lso, in  a l l  the second-order cases, the p o le - 
frequency was found to  be tunable with the b ias-vo ltage  
co n tro l, without a ffe ctin g  the Q o f  the f i l t e r ,  in some cases, 
additional passive tu n a b ility  was a lso  present. The s e n s it i­
v ity  study o f these f i l t e r s  showed them to  have a ttra ctive  
s e n s it iv ity  performance. Detailed experimental study on 
f i l t e r s ,  rea lized  by the three d iffe re n t  techniques, a lso  
showed good conform ity with the theory.
In Chapter 4, the cascade approach to  OA-C synthesis 
was considered. The f ir s t -o r d e r  OA-C section s , rea liz in g  
important type o f  responses were studied and th e ir  areas o f  
app lica tion s were suggested. Second-order OA-C f i l t e r  section s , 
in  addition  to the ones considered in  Chapter 3, were a lso  
rea lized  and studied. Due emphasis was placed on the multi­
fu n ctional ca p a b ilit ie s  o f the c ir c u its  to  s u it  m onolithic 
fa b r ica tio n . The f i l t e r s  were categorized  on the basis o f 
th e ir  convenient rea liza tion  o f Q-values. A ll the second- 
orxier OA-C f i l t e r s  showed low s e n s it iv ity  properties in the 
frequency range, where the f ir s t -p o le  r o l l - o f f  model o f an 
OA is  applicable .
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The aspect o f  rea liz in g  higher-order f i l t e r s  by using 
the cascade form synthesis was considered, where the second 
order section s , and in some cases an additional f ir s t -o r d e r  
section , were employed as the basic bu ild ing b locks. As 
most o f the second-order f i l t e r s  rea lized  only two to three 
standard responses, a rea liza tion  scheme fo r  general biquadra­
t i c  f i l t e r  was given fo r  obtaining any standard response. 
Various aspects o f OA-C cascade form synthesis were also 
discussed.
A re lia b le  c ir c u it  design has to  take in to  account the 
e f fe c t s  o f  non-ideal components on the performance o f a f i l t e r .  
This aspect was considered in d e ta il. The study involved the 
e f fe c t s  o f p a ra sitic  capacitances, excess-phase term and 
varia tion s o f  temperature and b ia s-vo lta ge  on a c ir c u it ’s 
performance. Suggestions were made fo r  the minimization o f 
these e ffe c ts  in  order to  achieve re lia b le  f i l t e r  design. 
E^qperimental v e r if ic a t io n s  were included f o r  the f i r s t s ,  
second-and higher-order f i l t e r s ,  in  a ll  the cases, the 
resu lts  were found to  be in  agreement with the theory. I t  
may be concluded that OA-C f i l t e r s  provide a promising class  
o f  high-frequency c ir c u it s ,  su ita b le  fo r  implementation in  
contemporary MOS technology.
Chapter 5 dealt with the rea liza tion  and study o f  MOS- 
integrable OA-C c la ss  o f o s c i l la to r s . Using the d irect form 
approach, three techniques fo r  o s c i l la to r  rea liza tion  were
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given v i z . ,  ( i )  negative resistan ce  approach, ( i i )  negative 
capacitance approach, and ( i i i )  FDPR approach. In each case, 
both fixed  and passive-component variable  o s c il la to rs  were 
rea lized . In most o f these c ir c u it s  the condition  o f o s c i­
l la t io n s  was found to  be in  terms o f B -ratios  and C -ratios 
and the frequency o f o s c il la t io n s  was in  terms o f absolute 
values o f  B and C -ra tios .
Another c la ss  o f OA-C based o s c i l la to r s  was derived 
using the analog computer approach. In th is case, the 
expressions fo r  frequency o f  o s c il la t io n s  remain sim ilar to  
those o f o s c il la to r s  rea lized  through the d ire c t  form approa­
ches. However, the con dition  o f o s c il la t io n s  now becomes 
only in  terms o f C -ra tios . This feature gives an extended 
range o f tu n ability  to  such c ir c u it s  with both passive 
components, a s-w ell-a s , b ia s -v o lta g e  con tro l at a single 
settin g  o f the condition  o f  o s c i l la t io n s . This particu larly  
proves out to  be advantageous fo r  c ir c u it s  fabricated  in the 
d iscrete-form , where inherent B-tracking cannot be maintained 
over wide ranges. In add ition , the analog computer based 
o s c il la to r s  provide quadrature outputs, i . e . ,  simultaneously 
sine and cosine wave-forms at the output terminals o f the 
two Oas .
Three more OA-C based o s c i l la to r s  were realized  
d ir e c t ly  from th e ir  tran sfer fu n ction s. Their ch a ra cteristics  
were found to be sim ilar to  those o f the o s c il la to r s  realized
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throiigh the d ire ct form approach.
A il the c ir c u its  were found to  be very a ttra ctive  fo r  
implementation in the MOS-form. The con dition  o f o s c il la t io n s , 
being in  terms o f component ra t io s , lend wide-range tracking 
and high s ta b ility  to the c ir c u it s .  Moreover, the C -ratios 
can be implemented in high p recis ion  and s ta b il ity  in the 
integrated form. The d ire ct p rop ortion a lity  o f frequency with 
B imparts e lectron ic  tu n a b ility  to  a l l  the c ir c u it s ,  which is  
a desirable  feature fo r  m onolithic rea liza tion s . A ll the 
c ir c u it s  were a lso  found to  have a ttra ctiv e  s e n s it iv ity  
p roperties . Under varying environmental con d ition s, tempera­
ture compansation o f OAs becomes essen tia l, as in  the case 
with OA-C f i l t e r s .
In the remaining part o f  the th esis  constituted  by 
Chapters 6 and 7, the OTA-based c ir c u it s  o f f i l t e r s  and 
o s c il la to r s  have been rea lized  and studied. The inherent 
ch a ra cter is t ics  o f a m onolithic OTA present a number o f  d esir ­
able features, evident from the d iscussions on the results 
given below.
Chapter 5 dealt with the re a liza tio n  and study of 
m ultifunctional, wide-range, e le c tr o n ic a lly  tunable f i l t e r s ,  
employing operational transconductance am plifiers and capa­
c ito r s /c a p a c ito r -r a t i  os. Three basic build ing blocks, v i z . ,  
the programmable in tegra tor  the f ir s t -o r d e r  sections
and the C-m\xLtiplier were rea lized  and studied. The PI and
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the f ir s t -o r d e r  sections were subsequently used in the 
implementation schemes related  to  the rea liza tion  o f seoond- 
order responses. The C -m u ltip lier was found to  be useful in 
extending the frequency range o f  operation o f  the OTA-C 
f i l t e r s  to  low-frequency ranges. The three basic schemes 
have been studied fo r  the rea liza tion  o f  standard second- 
order responses. From the f i r s t  scheme, F ilter-A  and F ilter-B  
were derived, each rea liz in g  the standard LP and BP responses. 
The second scheme y ielded  F ilter-C  and F ilter-D , each rea liz in g  
three standard responses. F ilter-C  rea lizes  standard AP, BP 
and LP responses, while F ilter-D  rea lizes  standard BE, BP and 
LP responses at three d iffe re n t nodes o f the c ir c u it s . The 
th ird  scheme rea lized  F ilter-E , which gave fou r standard 
responses, v i z . ,  HP, BP, BE and LP. In th is  case, a pa ir o f 
responses can be se lected  through a simple SPDT switch, which 
can conveniently be rea lized  in  the MOS-form. The performance 
study o f  the f i l t e r s  i llu s tra te d  the follow ing general 
a ttr ib u tes  o f  the OTA-C c la ss  o f  f i l t e r s ,  which are particu ­
la r ly  important from the consideration  o f  m icrom iniaturization :
( i )  In general, the c ir c u it s  are characterized by wide- 
range e lectron ic  tu n a b ility  over many decades o f 
important f i l t e r  parameters.
( i i )  The c ir c u its  possess the v e r s a t i l i t y  o f  providing 
m ultifunctional responses.
( i i i )  These c ir c u its  a lso  have r e lia b le  high frequency
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performance. Low frequency operation, within the 
constraints o f  MOS technology, are a lso  possib le  
through the use o f C -m ultip liers or by employing 
external d iscre te  ch ip -ca p a citors . This makes these 
rea liza tion s su itab le  fo r  operation from low-frequency 
up to about 1 MHz range with the general purpose OTas .
( iv )  The use o f OTa s , both as DVCCS and DVCVS, generally 
makes the c ir c u it  rea liza tion s  simple, in  terms o f 
component count as-w ell-as design.
(v ) In general, the c ir c u it s  are characterized by low 
s e n s it iv ity  p roperties .
(v i )  Only,OTAs, ca p a cito rs /ra tioed -ca p a cito rs  and, in some 
cases, e le ctron ic  sw itch are used in  the f i l t e r  imple­
mentation. A ll these components are convenient to 
fabricate  in the MOS technology.
Tne studies conducted in  the chapter c le a r ly  exhibited 
the OTA-C f i l t e r s  to  be a p oten tia l c la ss  fo r  the rea liza tion  
o f  m onolithic M O S-filters. The m ultifunctional c a p a b ilit ie s , 
along with wide-range e le ctron ic  tu n a b ility  makes these 
c ir c u it s  a ttra ctive  as second-order basic build ing block fo r  
the rea liza tion  o f h igher-order analog f i l t e r s  and systems 
through modular approach. For th is , an on-chip d ig ita l 
con tro l through m icroprocessor may be used ; adding a new 
dimension to analog f i l t e r  design. Experimental investiga­
tions were a lso  found to be in  conform ity with the theory.
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The rea liza tion  and study o f  OTA-based wide-range, 
e le c tro n ica lly  tunable o s c il la to r s  and a function generator, 
were carried  out in  Chapter 7. In a l l  the c ir c u it s , the 
frequency o f  o s c illa t io n s  was found to  be d ire c t ly  propor­
tion a l to  gjjj o f  the OTAs. In s ix  o f  the c ir c u it s ,  the condi­
tion  o f  o s c il la t io n s  was in  terms o f  g^ -ra tios  and C -ratios.
In the remaining two c ir c u it s ,  rea lized  through the analog 
95computer method , quadrature-outputs were ava ilab le  at the 
output tenninals o f the P is. Such c ir c u it s  a lso  had th eir  
con dition  o f  o s c il la t io n s  only in  terms o f ra tioed -capacitors . 
This feature gave wide-range e le ctron ic  tu n a b ility  ( 3
decades) to  the c ir c u it s  at a s in g le  se ttin g  o f  the condition  
o f  o s c il la t io n s . Good degree o f s ta b iliz a t io n  o f  frequency 
and amplitude were a lso  present in  these c ir c u it s .  In 
general, a l l  the rea lized  c ir c u it s  were found to  have attrac­
t iv e  se n s it iv ity  p rop erties .
A convenient rea liza tio n  o f  an OTA-C function  generator 
was a lso  considered. This c i r c u i t  provided good quality sine 
waveforms. In addition , square and triangular waveforms were 
a lso  simultaneously ava ilab le  from i t .  The function  generator 
has wide-range e le ctron ic  tu n a b ility  and convenient adjustment 
fo r  amplitude con tro l. The features presented in  the chapter 
showed the OTA-C waveform generators to have great applica­
tions in  instrumentation and communication systems, particu larly
95-97when wide-range lin e a r  e le ctro n ic  tu n a b ility  i s  required ^
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Some o f  the p ra ctica l con siderations, which are 
extremely important in  the design and re lia b le  operation 
o f  OTA-C f i l t e r s  and o s c il la to r s  were examined. These were, 
b a s ica lly , based on the actual ch a ra cte r is t ics  o f a practica l 
device. Some o f  the considerations were common with the OA-C 
c la ss  o f c ir c u it s . In add ition , i t  was found that fo r  
re lia b le  operation, OTAs with temperature s ta b iliz a tio n  and 
lin ea r ized  diode arrangement ( f o r  extention o f dynamic-range) 
were desirable . In case the c ir c u it s  are to  be microminia­
tu rized , MOS-OTAs with these features w ill  be required'^^’ ^^. 
This poses a challenge to  the analog device designers.
8 .3  Scope fo r  Further Work
Based on the resu lts  o f  the work presented in  this 
th es is  and also on that ava ilab le  in  the tech n ica l lite ra tu re , 
some problems are suggested fo r  fu rth er work. In the author’ s 
opinion, these may contributed to  some important work in  the 
area o f continuous time m onolithic c ir c u it s .
( i )  In the th es is , the e f f e c t  o f excess-phase term ( t) has 
only been considered fo r  Oa-C f i l t e r s .  Similar resu lts 
may a lso  be obtained fo r  the OA-C component-simulators, 
in  order to  determine the e f fe c t  o f am plifier non­
id e a lit ie s  on the high-frequency applications o f 
sim ulators.
A lso, the e f f e c t  o f p a ra s it ic  capacitances and 
th e ir  p ossib le  incorporation  in  the analysis and design
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o f component sim ulators may be examined.
( i i )  Some le sse r  known c i r c u i t  elements, l ik e  FDPR and 
FDNCAP, have been u t iliz e d  in  th is  thesis fo r  the 
d irect form synthesis. More studies may be undertaken 
to determine other p oss ib le  applications o f  such 
simulators in  a ctive  network synthesis and also in  
other app lication  areas, such as, instrumentation 
system.
( i i i )  A number o f OA-C c ir c u it s  have been reported in  this
th esis and many more are ava ilab le  in the technical 
70-73lite ra tu re  . Addition o f  more c ir c u its  to such a 
l i s t  is  always p oss ib le . However, i t  is  f e l t  that a 
more useful area fo r  fu ture work l i e s  in  making the 
available c ir c u it s  su ita b le  fo r  p ra ctica l MOS 
integration . For th is , r e a l is t ic  solu tions are to  be 
evolved taking in to  consideration  the n o n -id ea lit ie s  
presented by the a ctive  device. P articu larly , the 
aspect o f s ta b iliz a t io n  o f  B and t  against temperature 
variations is  important. To certa in  extent, th is  may 
be done by find ing improved c ir c u i t  configurations 
with inherent d esen sitiza tion  to these parameters.
However, a b e tte r  and more general so lu tion  would be 
to develop superior quality  MOS-OAs, with b u ilt  in  B
and t s ta b iliz a t io n s . With the promise shown by
5 A—6Q /O-T’switched ca p a citor  networks and active-C  networks
5 6 4
to  MOS in tegra tion , research on improved MOS design 
is  bound to  pay a r ich  d iv idents.
( iv )  In the active-RC synthesis, a vast lite ra tu re  is
available on the operational sim ulation o f  ladder
netwoiics, such as, leap frog  and i t s  modified struc- 
35 AOtures ’ . Work may be undertaken in developing
such structures using the OTA-C and OA-C c ir c u it s .
These rea liza tion s  w il l  prove to be highly a ttra ctive  
fo r  m onolithic MOS f i l t e r s  o f higher-order.
(v ) Woiic on component sim ulators using the OTA-C based
rea liza tion  has not been considered in  th is th esis .
However, some work in  th is  d irection  i s  already ava ila -
0 ^  ftOble  in  l ite ra tu re  ' . S t i l l  ample scope is  present
fo r  more work in the area o f tunable component simulation.
(v i )  Transconductance is  an important design parameter in 
the OTA-based tunable networks. I ts  inverse propor­
t io n a lity  to temperature con stitu tes  a major lim ita tion  
in  the design o f  OTA-based c ir c u it s , p articu la rly  under 
demanding s itu a tion s . For th is , b e tte r  c ir c u it  c o n fi­
gurations can be derived, which minimize the temperature 
dependence to  low values. Some such attempts have been 
reported in References 82 and 101. However, scope for 
further work i s  s t i l l  present in  the area o f  OTA-based 
rea liza tion s  having low temperature s e n s it iv ity  and wide 
input voltage swing.
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( v i i )  The p ra ctica l lim ita tion s  o f OTA-C c ir c u it s , based
on the n o n -id e a lit ie s  of the a ctive  device, have
been considered in  Section  7 .5 . a  general solu tion
to  such problems, once again, l i e s  in  the improved 
82 Q1OTA design ’ . Work in  th is area w ill prove to be
a major asset in  p r a c t ic a lly  making the OTA-based 
rea liza tion s  ava ilab le  in  the m onolithic MOS-fom.
y
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APPSNDIX-A
REALIZATION SCHEMES FOR MOS-OAs®^
The functional diagram o f a typ ica l compensated MOS-OA 
is  shovm in  Fig. Al. The input stage is  a source coupled 
d if fe r e n t ia l  am plifier. The signal from th is stage is  applied 
to  a d iffe ren tia l-to -s in g le -en d ed -c 'on v erter , which developes a 
single-ended version  o f  the s ign a l. The converter drives a 
cascode stage, around which feed  back is  applied throxogfa a 
source fo llow er  and a capacitor to  implement the M ille r ’ s 
ccfflipansation scheme. Another source fo llow er, fed from the 
cascode am plifier drives the output stage.
The schematic diagrams fo r  the rea liza tion  o f  NMOS 
and CMOS OAs are shown in  Fig. A2 and A3, resp ective ly . The 
c ir c u i t  ccanplexity in  the case o f  DJMOS am plifier i s  to  get 
wide dynamic and common mode ranges, together with in s e n s it i­
v ity  to  varia tion s  in  device threshold voltage and power 
supply vo ltage .
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A schematic representation o f an OTA is  shown in 
Fig. B (i)  and i t s  s im p lified  functional diagram is  given in 
Fig. B ( i i ) .  The c ir c le s  la b e lled  W,X,Y, and 2 represent 
current sources and active loads and are a lso  referred  to  as 
current m irrors. The d if fe r e n t ia l  input vo ltage  stage is  
con stitu ted  by the tra n s is to rs , Q-^  and ^2 , while the current 
source W is  formed by tra n s is to r  and diode D .^ External 
con trol o f reference current (Ig ) i s  exhibited  over the 
transconductance (g^) o f  the am plifier. This feature adds to  
the desired e le c tro n ic  tu n ab ility  o f the device. The cross ­
coupled arrangement in  an OTA transfers the current d iffe re n ­
t ia l  to the two output current mirrors X and Z., which is  in  
turn transferred to  the output current term inal. Therefore, 
the cxirrent availab le  at the output terminal becomes a func­
tion  o f the d if fe r e n t ia l  input voltage with xhe relationsh ip  
given in (1 .7 ) .
In Fig. B ( i ) ,  the tran sistors  and , Q ,^ which are 
in  Darlington con figu ration , along with diodes D^  and D ,^ 
form the current m irror Y. The diode D^  i s  the reference 
current con tro lled  diode and the diode D2 i s  used to  improve 
the speed o f  operation. The tran sistors  0^, Qg and Q ,^ along 
with, diodes D^  and D^, form the current m irror Z. The 
tran sistors  U q^ and and the diode Dg form the current 
mirror X.
APPENDIX-B
REALIZATION SCHEME FOR BIPOLAR OTA^^
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APPENDIX-C 
CIRCUIT REALIZATION FOR MOS-OTA^^
The c ir c u it  rea liza tion  o f  a CMOS-OTA is  shown in 
Fig. Cl. I t  employs a lin ea rized  input-stage con sistin g  o f 
a simple source coupled pa ir  (M^, M2) ,  biased dynamically by 
a current component, proportional to  the square o f  the input 
vo ltage , V = ”  ^2’ square-law current is  generated
by the cross-coupled  con figuration  (M^- M )^ and is  coupled 
through a le v e l  sh ift in g  device My. By properly sca ling  the 
width (W )/length (L )-r a t io  o f the source coupled p a ir  and the 
cross coupled devices, the n on -lin ea r it ie s  o f the input stage 
can la rg e ly  be cancelled  over a wide input voltage range. The 
remaining devices. Mg through M^ ,^ are used to  bias the input 
stage and to  sum up the device currents in  order to  obtain 
the f in a l output. Assuming unity-gain  mirror and a square- 
law model f o r  the input devices, the fo llow ing lin e a r  i /v -  
ch a ra cter istic  i s  obtained fo r  the complete transconductor :
V = K (V^ -  V (D-1)
where g^^^ = K (V^ -  T,p )^ and is  the n-channel threshold 
voltage. The constant K depends on process parameters and 
geometries o f  to and Mg to  M^ .^ Note, the g^^^ is  adjus­
table by the con tro l voltage V , and th erefore , a MOS-OTA is  
b a s ica lly  a voltage con tro lled  device . Once again, wide
range tu n ab ility  is  present with the con tro l voltage V .c
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The c ir c u it  o f Fig. Cl has already been implemented 
in m onolithic form using a standard 5 n® double poly p-well 
CMOS process. The fabricated  chip occupies a to ta l area o f 
220 X  700 Fig. C2, d ip ic ts  the n on -lin earity  in  the
measured i/v -G h a ra cte r is tics  o f  the fabricated  c ir c u it  as a 
percentage o f  a 2 v o lts  (peak) fu l l  sca le  value at the 
indicated  naninal supply and bias values.
APPSNDIX-D 
TECHNIQUES FOR BIAS CONTROL OF OTAs^^
In th is section , some ava ilab le  techniques fo r  
obtaining the desired bias con tro l current (Ig ) with external 
voltage con trol (Vg) are b r ie f ly  described. A macromodel o f 
the bias current arrangement o f  a typ ica l bipolar-OTA is  
shown in  Fig. Dl. This b a s ica lly  forms a part o f the internal 
current mirror [r e fe r  to Fig. B (i) fo r  d e ta i ls ] . Several 
schemes fo r  con tro llin g  Ig and, thus the g^ o f OTA with Vg, 
are shown in Fig. D2. The f i r s t  c ir c u it  o f Fig. D2(a) is  
the sim plest, however, i t  is  sen sitive  to  small changes in  
Vg, p a rticu la r ly  when Vg approaches V ;. In the second
c ir c u it  [F ig. D2(b)] , the con tro l voltage i s  referenced to  
zero, but the small values o f Vg are sen sitive  to  mismatch 
with the Vot:, o f  the tra n sistor  and the forward diode voltageD£i
drop. In the c ir c u it  o f Fig. D 2(c), the con trol voltage is  
a lso  referenced to  ground. Hence, i t  is  not dependent upon 
the matching or can ce lla tion  o f  voltage across the external 
forward biased p —n junction . The zener diode is  used to 
maintain the common-mode voltage at a reasonable le v e l . I t  
should be noted that Ig i s  proportional to  Vg in  a l l  the 
schemes shown in  Fig. D2. Since Ig can ty p ica lly  be adjusted 
over several decades, a l l  the schemes w ill be very sen sitive  
to small changes in  Vg towards the low current end o f the Ig -
386
587
+ Vc
A
I b
I b  a Ib a
Fig. D 1 M a c ro m o d e l  of b ia s  cu r re n t  port on 
b ipo la r  OTA.
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F i ' g .D 2  S c h e m e s  for  ob ta in ing  v o l t a g e  control*  
w i t h  the  OTA.
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range. Logarithmic am plifiers are often  used to  con trol Ig 
with an external con tro l vo ltage , i f  wide adjustment range 
o f  Ig i s  to  be e f fe c t iv e ly  u t iliz e d .
Sometimes, simultaneous con tro l o f o f  a number of 
OTAs is  required. Several schemes fo r  achieving th is  are 
shown in Fig. D3. In the f i r s t  c i r c u i t  [F ig. D3(a)J, i t  is  
easy to adjust the g^s, by trimming the re s is to rs  fo r  a fixed  
gjjj-value. The simple c ir c u i t ,  as in  the case o f  Fig. D2(a), 
i s  however sen sitive  to  even s lig h t  d iffe ren ces  in  the voltages 
(Vd) at the lower values o f  Ig . The c ir c i i i t  o f  Fig. D3(b) 
again has Vg referenced to ground and is  essen tia lly  indepen­
dent o f  matching o f  fo r  the individual OTAs. The scheme 
o f Fig. D3(c) i s  useful i f  an external s in gle  package pnp- 
current mirror with n-outputs is  ava ilab le . A descrete 
component version  o f th is  m irror is  not p ra ctica l. For the 
integrated c ir c u it  ap p lica tion s, am plifier bias currents o f 
several OTAs are easy to  match, as-w ell-as con trol with this 
method.
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Fig. D 3 S c h e m e s  for  s i m u l t a n e o u s  g m - a d j u s t m e n t .
APPENDIX-E
temperature compensation of OTAs
Several schemes are ava ilab le  in  lite ra tu re  fo r  terape-
77 ftprature compansation o f  OTAs ’ . One o f them is  shown in
77Fig. El . In th is case, the b ias-current is  given by
Vdd R^  Vs  ^ Rs-,I BB = -2  (l» -2) in [ . _J. ] (E_l)
® Rg Rg Rj_ RS2
Now eqns. (7 .18 ) and (E -l)  y ie ld
1 R, Vs^ Rst
g „  = ------  ( 1 »  ^  ) i n  [ . - 1  ] .  ( E ^ 2 )
2Rg Vs^ Rs2
From (B -2) i t  i s  obvious that except fo r  Rg, the expression 
fo r  is  in  terms o f voltage ra tios  and resistance ra tios .
I f  Vs  ^ and Vs2 are equal and are supplied from the same source, 
the e f fe c t  o f  the supply varia tion  w ill  cancel out. Moreover, 
i f  the s ta b iliz a t io n  c ir c u i t  is  fabrica ted  in b ip o la r  monolithic 
technology, the resistance ra tios  w ill  be p recise , stable and 
w ill  track over a wide range o f  operation. The b ia s -se ttin g  
r e s is to r  (Rg) i s  required to  be o f p recis ion  type, with low 
temperature c o e f f ic ie n t .  Such a c ir c u i t  w ill  s ta b iliz e  g^^^ 
against temperature varia tion s and w ill  make the performance 
o f  the OTA-C c ir c u it s  r e lia b le .
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Fig. E 1 Temperature  c o m p e n sa t io n  s ch e m e  for OTA 
with  m a tche d  trans i s ter .
